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1. EXECUTIVE SUMMARY
A. Problem Statement
All organizations or enterprises exist in various states of maturity-from very ineffective and
grossly inefficient to highly effective and optimally efficient. The type of industry, markets or
customer base does not determine an enterprise's maturity nor do they influence its level on the
continuum between the previously stated bounds. There are frameworks analysts' use- to
attempt to classify states of maturity. Any given framework, however, ultimately groups these
states arbitrarily. While useful, even Carnegie Mellon's Software Engineering Institute (SEI)
Capability Maturity Models (CMM) or, more recently, Capability Maturity Model Integration
(CMMI) essentially group these states arbitrarily. These two frameworks establish maturity in
five levels. Level 1 represents the least mature (hero mode) while Level 5 signifies the most
mature (optimal performance).
Analysts can assess the maturity of an enterprise using several different methods; maturity is a
relative condition. Maturity of an enterprise is, of course, relative to itself when considering the
temporal perspective. For example, an enterprise continually changes. It is either improving or
it is degrading. The enterprise, when compared to other enterprises that exist in their respective
industry or market, also offers a basis for assessing maturity and the relative nature of such an
assessment. For example, if an enterprise notionally has zero change from one year to the next
(i.e., has neither improved nor degraded), it is more than likely that the enterprise has changed its
position. This is true because the other enterprises in the same industry undoubtedly have
changed- either improving or degrading. Some assume that an enterprise's state of relative
maturity within a particular market or industry also can offer a different view into the rationale
for dominance or lack thereof. An analyst can understand one way these states of relative
maturity can establish a rationale for dominance by considering the common financial outcomes
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such as profitability and market share. This assumes enterprise maturity determines success in
the marketplace. Time, of course, figures into this equation-this is unlikely to hold true for a
newly formed business no matter how efficient and mature.
The important distinction: Maturity, although it contains a component of age (i.e., years since
inception), it is not necessarily the variable that drives maturity from an effectiveness and
efficiency perspective. To establish a direct linkage, between age (as previously defined) and
maturity (given the two aforementioned parameters), an enterprise would need to establish a
learning culture. This notion of a learning culture, and the importance placed on it, either drives
enterprises to greatness or to despair.
This thesis focuses on methods that will drive an enterprise to higher states of maturity and, thus,
to achieving greater success. Also, it furthers the relative importance of driving a learning
culture to achieve enterprise greatness. This thesis will establish the foundation of the learning
culture through the concepts of common language and methods. It then builds on this
foundation, element- by-element, to erect what some might call a theoretical optimum-the
model-based environment. This thesis looks at this transformational journey in generic ways. It
offers examples of specific events and experience to substantiate the position provided.
Ultimately, it offers a complete roadmap for greatness that includes additional paths critical to
success: who, what, when and how an enterprise can transform itself. This thesis begins at the
very start of critical maturity (immaturity) and takes the reader through to the theoretical
optimum of maturity, defined here as a model-based environment.
B. Originality Requirement
An original body of work, this thesis explores and develops many topics and concepts by looking
at each piece in slightly different ways. It further views the sum of the pieces to reveal an overall
picture of the total enterprise architecture.
This thesis uses a systems structure-one that builds knowledge incrementally. It first assembles
the fundamental modules. It goes on to integrate them, proceeding step-by-step to the next
higher level of the architecture. Many of the definitions developed in this thesis are somewhat
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altered. These generic definitions assist reader understanding and put into context the concepts,
principles and theories presented, whether the reader comes from a background in systems,
manufacturing or other industry. The following list presents a high-level abstraction of thesis
topics in the same temporal order found in this document:
" Defining the concept of product development..
" Defining the concept and application of product development lifecycle..
" Defining the integrated product development (IPD) lifecycle.
" Defining the relationship of modeling and simulation and the integrated product
development lifecycle.
" Conceptualizing the model-based enterprise.
" Conceptualizing the value proposition of the model-based enterprise.
" Defining the concept of operations (ConOps) for an IPD environment.
" Developing and defining a model-based ConOps.
" Developing and defining a transformation plan.
" Defining the features and benefits analysis of a model-based environment.
The culmination of nearly 17 years of work in the aerospace and defense industry provides the
basis for this body of work. It is strengthened by periods in the commercial appliance and
commercial aircraft sectors and reflections gained through extensive interaction with the
customer- and supply-base communities for those industries. The academic foundations
achieved at Norwich University, University of Massachusetts and the Systems Design and
Management (SDM) Fellows Program at the Massachusetts Institute of Technology augment this
real-world experience.
C. Content and Conclusion(s)
Considering enterprise maturity and the evolutionary nature of enterprises over time, this thesis
focuses on several proactive, incremental steps an enterprise can take to transform to achieve the
theoretical optimum-a model-based environment. This thesis looks at the typical traditional
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enterprise. For the purposes of this discussion, this enterprise operates in a maturity state that is
not lean and not integrated. It can be thought of as a "stovepipe" organization-that is,
communication among branches or divisions within the organization do not share information.
This enterprise probably does not participate in quality and continuous process improvement
efforts. Its lifecycle maturity level would be rated at CMMI Level 1.This enterprise thrives on
developing and delivering products to the enterprise's customers.
At the other end of the lifecycle, is a state of full maturity, previously characterized as the
theoretical optimum. This enterprise fully integrates its data, processes, supply chain and
management systems. It is a knowledge-based enterprise that makes full use of knowledge
transfer and development automation. This enterprise resides in the ultimate lean state, the
model-based environment. It is at, or even beyond, CMMI Level 5. This thesis develops an
evolutionary roadmap to transform an enterprise. By exploring ideas, concepts and experiences
throughout this thesis, and doing so in an orderly and systematic fashion, the reader will build the
foundation of knowledge necessary to incrementally transform an enterprise. This thesis further
reinforces the steps that will enable institutionalization-to create the "muscle memory" to
sustain achievement and overcome organizational inertia to continue to an optimal state of
leanness established in a model-based environment. Finally, this thesis will establish a business
case, in the form of features and benefits, for each step in the journey of transformation to enable
the proper level of management support.
D. System Design and Management Principles
This thesis draws on the foundations learned through the SDM program and the associated
curricula. Specifically, 17 years form the basis for this thesis, which were then framed and
formalized in the context of the principles learned through the coursework at MIT. Those
courses included: Systems Architecture, Systems Engineering, Organizational Processes,
Advance Software Systems, Systems and Project Management, Integrating the Lean Enterprise,
Disruptive Technology, Marketing, Product Development and Operations Management. Some
of the concepts inculcated in this thesis from the aforementioned coursework follow:
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" The concepts of "holistic thinking", "hierarchy" and "taxonomy of language" developed
in Systems Architecture.
" The concepts of "knowledge transfer across boundaries" in Organizational Processes.
" The concepts of "systems thinking", "systems modeling" and "codified systems
language" in Systems Engineering.
" The concepts of "critical chain" concepts introduced in Systems and Project
Management.
" The concepts of "lean", "pull of the customer" and "value stream" introduced in
Integrating the Lean Enterprise.
" The concepts of the criticality of the well-integrated software-systems relationship and
the pitfalls-versus-possibilities-of-reuse introduced in Advanced Software Systems.
" The concepts of "disruptive behavior in the marketplace" and "predator-versus-prey" in
Disruptive Technology.
" The concepts of "customer needs" in Marketing.
" The concepts of "product development lifecycle" in Product Design and Development.
* The concepts of "system bottlenecks", "optimization" and "throughput" as introduced in
Operations Management.
The transformation model developed in this thesis embeds each of these concepts and ideas.
E. Engineering and Management Content
The product development lifecycle involves every aspect and function of the integrated supply
chain (customers, enterprise employees and assets, and suppliers).As its main function,
management oversees and guides the enterprise successfully and efficiently to achieve its stated
goals and objectives. These responsibilities mainly span managing enterprise resources from the
start of the lifecycle, through the completion. These resources include:
" Human resources.
* Time.
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* Money.
* Other enterprise assets.
Management is also responsible for the interactions of multiple occurrences of the lifecycle
either in parallel or staggered.
The engineering function takes on a wide variety of roles and responsibilities in any given
enterprise and at any given time in the enterprise's lifecycle. A generic look at some of the
possible activities provides better insight. Generically, engineering oversees guides, manages
and achieves all technical requirements of the lifecycle. This may span concept development,
systems architecture, requirements, detailed design, test development, producibility,
manufacturing, product support, training, installation, disposal and other aspects requiring
technical acumen.
This thesis very clearly describes the product development approach in terms of a systems
approach to classical development. As such, many of the processes instantiated into the product
development lifecycle are technical or engineering processes. In the hierarchy of an enterprise
process are several integrating processes that span the entire lifecycle of the enterprise, one of
which is the management process. This entire thesis forms a management guide to transforming
the enterprise or organization from any state of maturity to the ultimate state of optimization, a
model-based environment. This thesis not only discusses management and its associate
processes. Holistically, it provides insights into the challenges of managing an enterprise and
how best to approach management challenges anywhere, in any part, of the maturity lifecycle of
an organization.
Clearly, engineering and management greatly influence and control the enterprise product
development lifecycle. Adding that to the classical definition of the product development
lifecycle makes it becomes clear that three entities-product development lifecycle, engineering
and management-depend mutually on each other.
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F. Statement of Authorship and Originality
The work performed to write this thesis is the author's and is original.
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2. THESIS OVERVIEW
This thesis develops an evolutionary roadmap to transform an enterprise from a low level of
maturity to a high level of maturity. By exploring ideas, concepts and experiences throughout
this thesis in an orderly and systematic fashion, this thesis will build the foundation of
knowledge necessary to incrementally transform an enterprise. This thesis uses a systems
structure-one that builds knowledge incrementally. It first assembles the fundamental modules.
It goes on to integrate them, proceeding step-by-step to the next higher level of the architecture.
Finally, this thesis will establish a business case, in the form of features and benefits, for each
step in the journey of transformation to enable the proper level of management support.
The culmination of nearly 17 years of work in the aerospace and defense industry provides the
basis for this body of work. It is strengthened by experience gained in the commercial appliance
and commercial aircraft sectors and through extensive interaction with the customer- and supply-
base communities. The academic foundations achieved at Norwich University, University of
Massachusetts, and at the Systems Design and Management (SDM) Fellows Program, the
Massachusetts Institute of Technology, augment this real-world experience.
Thus, this thesis integrates both theoretical and practical knowledge to develop a methodology
for building an enterprise methodology to achieve greatness. Its goal is to offer an approach to
moving to a state of full maturity-a state in which an enterprise fully integrates its data,
processes, supply chain and management systems. A knowledge-based enterprise makes full use
of knowledge transfer and development automation. This enterprise resides in the ultimate lean
state, the model-based environment. A roadmap is presented to understand how the ideas and
concepts will be developed throughout the course of this thesis I will state the objective of this
thesis and the conclusions that I will support by building and integrating knowledge from theory
and practical sources I have learned from my direct experiences at Raytheon Company as well as
those through my enrollment and participation in MIT's Systems Design and Management
Fellow's Program.
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1. Executive Summary
The Executive Summary offers a high-level (Executive) summary of this thesis that
provides a complete overview.
2. Thesis Overview
The Thesis Overview offers a step-by-step guide to developing a methodology to
transform the lifecycle of a traditional, stovepipe organization to a lean, model-based
environment. .
3. Definition and Context of Modeling and Simulation
This section establishes definitions for the concepts developed in this thesis. It
provides the reader with definitions needed to help formulate the concepts developed
later.
4. Defining the Concept of Product Development
This section develops the concept of product development, which will form the basis in
the enterprise architecture known as a model-based environment. Product development
will provide the foundation in a hierarchy, architecture and overall taxonomy called a
model-based environment.
5. Defining the Concept and Application of the Product Development
Lifecycle
Continuing to expand the basis of knowledge, this section discusses enterprise and
culture as it affects product development. It expands into exploring lifecycle structures
and gives specific examples of products, industries and enterprises that implement
various lifecycles.
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6. Defining the Concept of the IPD Lifecycle
Building on the previous section of product development lifecycles, this section
introduces the concept of knowledge sharing, tools and automation. These, within the
context of the product development lifecycle(s), will establish the concept of an IPD
(IPD) lifecycle. What follows will be the business case and value proposition for the
necessity of this in the evolution of the lean enterprise and as an integral attribute of the
integrated enterprise architecture.
7. Defining the Relationship Between Modeling, Simulation
and the IPD Lifecycle
Maturing the concept of the evolving enterprise, modeling and simulation become a
natural advent and attribute of the integrated, lean enterprise. This section develops the
concept of using an integrated tool suite across the entire lifecycle. It introduces
modeling and simulation as a technique for leaning and establishes the further value of
modeling and simulation to elicit reuse. This introduces the early evolution of the
collaborative product development (CPD) or product lifecycle management (PLM)
environment.
8. Conceptualizing the Model-based Enterprise
A basic definition will be established for a model-based environment. This then will be
built generically upon all the concepts introduced to this point in the thesis. The goal of
this section of the thesis is to help the reader understand the vision of a generic
enterprise that operates at optimal states of leanness.
9. Conceptualizing the Value Proposition of the Model-based Enterprise
The premise developed in this section is that a model-based environment operates more
efficiently and yields better product over the life the product will live in the market
space. To prove this, the value proposition will need to be established. This will be
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done conceptually against the conceptual model-based enterprise established in the
previous section.
10. Defining the Concept of Operations (ConOps)
for Maintaining an IPD Environment
I will define the strategy necessary to develop, maintain and continually improve the
IPD lifecycle and resulting model-based environment in the enterprise.
11. Conclusion
I will conclude this thesis by restating the objectives of this thesis and those described
in section two of this thesis call the "Thesis Overview".
12. Appendix
This section captures the sources of information used throughout this thesis.
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3. DEFINITION AND CONTEXT OF MODELING AND SIMULATION
Definitions of these words can be found in any dictionary. To provide complete and unabated
context, however, this section augments dictionary definitions with information gleaned from
more than 17 years working in industry and nearly 200 credits of undergraduate- and graduate-
level academic education:
" Enterprise-the collective total of all pieces of the organization and infrastructure that
forms an institution (company, university, partnership, etc.).
" Architecture-the form and structure that defines the pieces, and the respective
relationship of the pieces, that form the whole; the structure or its form and the pieces
within the structure; establishes the relationship of each of the pieces contained within the
structural form.
* Framework-the constraining, organizing or reference form for which objects, concepts,
knowledge or entities of any sort can be held.
* Product-the output of an individual, team, organization or enterprise; it can also be the
output of a process or machine.
* Supplier-a temporal position (in the relationship chain) that suggests the outcome of
what is done has consequence on the resultant product.
* Customer-a temporal position (in the relationship chain) that suggests the product itself
is what a customer is expecting and being received.
" Producer (or stakeholder)-a temporal position (in the relationship chain) that suggests
the product itself is the actual outcome of the producer's effort.
" Bystander (non-stakeholder)-a temporal position (in the relationship chain) that
suggests there is no relationship at all to the product itself, there is nothing expected,
there is no effect on the product regardless of the efforts of the bystander; complete and
total independence from the product event.
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" Development-the act of creation by an individual, team, organization, enterprise; the
act of creation as a result of the action of a process or machine; generically, development
is the result of a basic sequence; input(s) or action(s) that results in an outcome.
" Product Development-the collective actions of an enterprise from the various inputs of
the customer, the enterprise, suppliers and others to create an outcome in the architectural
form of a product. The product, when developed correctly, satisfies the customer's
needs.
" Tool (in the context of the IPD lifecycle)-a process that has been automated with a
software application.
* Model (in the context of the IPD lifecycle) - a physical or electronic three-dimensional
and/or functional-representation in form, fit and function of a product, system, element or
component; this model can be a scaled-form factor of the intended outcome.
* Simulation (in the context of the IPD lifecycle)-a physical or electronic representation
of the form, fit and function of a process, product, system, element or component in
operation; this could be a physical or electronic representation of a use case or multiple
use cases in combination, or simply an electronic replication of an act.
* Reuse (in the context of the IPD lifecycle)-an event of recurrence or taking the output
of an event; also known as a product and reclaiming it through replication for another
cycle.
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4. DEFINING THE CONCEPT OF PRODUCT DEVELOPMENT
This section explores and defines the concept of product development. In doing so, it forms the
basis for generic enterprise architecture. The enterprise again will be defined generically for the
purposes of exploring and establishing a fundamental framework called enterprise architecture.
Again, the reader will need some basic definitions as they apply to this thesis. Definitions of
these words can be found in any dictionary. To provide complete and unabated context,
however, this section augments dictionary definitions with information gleaned from more than
17 years working in industry and nearly 200 credits of undergraduate- and graduate-level
academic education:
This section also will introduce and define several other terms; the same aforementioned
pretense is applicable in the formation of these subordinate terms as well. Three terms-
enterprise, architecture and framework-are most important; they are defined first. . This
section continues to build on the context for these definitions throughout. So for now, only the
definitions are provided. Their context will become clear as this section and this thesis progress.
" Enterprise-the collective total of all pieces of the organization and infrastructure that
form an institution (company, university, partnership, etc.).
" Architecture-the form and structure that defines the pieces and the respective
relationship of the pieces that form the whole, the structure or its form, and the pieces
within the structure, establishes the relationship of each of the pieces contained within the
structural form.
* Framework-the constraining, organizing or reference form for which objects, concepts,
knowledge or entities of any sort can be held.
* Product-the output of an individual, team, organization or enterprise; it can also be the
output of a process or machine.
Quite often products are thought of as physical entities. This would inappropriately constrain the
notion of a product and as such, thus the aforementioned definition. Given the definition, one
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may want to explore products given the definition presented here. Clearly, the supermarket
features many products sitting on the shelves: food products, cleaning products, health care
products, cooking products and pet products, to name a few. The supermarket in many respects
can be considered a distributor of the products of other industries or companies. More insight
into the definition of a product is ascertained by thinking about the companies that produce the
products that sit on the shelves of the supermarket.
Moving to another industry such as healthcare can broaden the view of products. A hospital
provides many products: physical aids such as crutches, casts for broken bones, wraps for
strained muscles or ligaments, prosthetics, hearing aids, organs for transplants, ointments,
therapy equipment, and drugs for both physical and mental ailments, physical training and even
advice. Looking at this last example more closely, it becomes clear that products do not
necessarily have physical properties. The product of a surgeon is surgery. That of a therapist is
therapy. In both cases, their products can be considered services. So, products can take on a
form factor as well as providing a service.
The last example pushes the boundaries further. What is the product of a fruit tree? Most would
immediately answer fruit. It would also be appropriate to answer the question with food and
shade. But it also would be true to say a fruit tree's products include a home and aesthetic
beauty.
This introduces another important consideration of defining a product: context. To determine the
definition of product requires an assumption of a temporal position in relationship to its delivery.
The temporal position could result in being in one of four forms: suppliers, customers, producers
(stakeholder) and for completeness, a bystander (non-stakeholder).
* Supplier-a temporal position that suggests the outcome of what is done has
consequence on the resultant product.
SUPPLIER
Figure 1-Supplier / Product Relationship
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Customer-(in the relationship chain) is a temporal position that suggests the product
itself is what a customer is expecting and receiving.
Figure 2-Product / Customer Relationship
* Producer (or stakeholder)-(in the relationship chain) is a temporal position that
suggests the product itself is the actual outcome of the producer's effort.
PRODUCER
(Stakeholder)
Figure 3-Producer (Stakeholder) / Product Relationship
* Bystander (non-stakeholder) -(in the relationship chain) is a temporal position that
suggests there is no relationship at all to the product itself, there is nothing expected,
there is no effect on the product regardless of the efforts of the bystander, complete and
total independence from the product event.
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BYSTANDER
SUPPLIER
Figure 4-Bystander / Product Relationship
Development-the act of creation by an individual, team, organization, enterprise; or the
act of creation as a result of the action of a process or machine. Generically,
development is the result of a basic sequence; input(s), action(s) which results in an
outcome.
IOUTCOME/NP+ ACTION-
Figure 5-Basic Sequence of Development (Act of Creation)
Given the definition, it is useful to explore examples of development given the definition
presented here.
In basic terms, given the input of a customer need, it is possible through action, to create an
outcome whereby the customer's need(s) are met, filled or satisfied. Typically, the term
development is used when talking about a combination of actions, by a single entity (person,
process, machine, nature) or even more, with the interaction of multiple entities (people,
processes, machines, nature).
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The preparation of a meal could be considered development. Looking at this more closely,
assume a family (the customer) requests a specific type meal (customer need) at specific time
(another customer need). To simplify the example, assume the family has full access to a kitchen
and all the tools and appliances needed to prepare (development) the meal. Generically, the
missing elements needed to prepare (development) the meal are a recipe (the process), the
ingredients (the supplies or raw materials) and a chef/cook (human resources). The first step in
the development of the meal would to evaluate the family's needs regarding the meal. Simply
stated: what ingredients would be needed to prepare the meal? That is: Make a list; Go shopping;
Buy each item on the list; Go home to prepare the meal. One of the family's other needs was to
eat the meal at a certain time. This would require timing of the development so that the outcome
(serving the family their desired meal at their desired time) is created at the required time. The
process (recipe) followed defines this. So, for a first approximation, the process and the plan
become synonymous and provide the development roadmap. Ultimately the development
continues temporally-from planning the meal, purchasing the ingredients, preparing the meal
(which might include taste testing), serving the meal, eating or consuming the meal and cleaning
up after the meal. At a top level, this series of steps would define the development lifecycle for
satisfying the family's need to eat. The next section of this thesis explores further this notion of
lifecycles.
Now that basic definitions have been provided for product and development, this section
concludes by combining these terms and looking at the total concept ofproduct development.
This thesis defines product development as the collective actions of an enterprise from the
various inputs of the customer, the enterprise, the suppliers and others to create an outcome in
the architectural form of a product. This product, when developed correctly, satisfies the
customer's needs.
Although generic, the aforementioned definition ofproduct development can result in widely
varying levels of complexity and resource (time and people) requirements. These three simple
attributes can be assessed to help characterize product development and thus provide measures or
metrics.
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Product development can range from the simple, quick one-person event, to the highly complex,
career long, enterprise-wide activity. To put these two extremes into context, an example of each
can help bring some clarity. The example offered earlier in this section on preparing a meal for
your family is offered as one that is simple, quick and only requires one person to perform. At
breakfast time, a child may want cereal. It takes a bowl, spoon, milk and cereal. Actions include
pouring the cereal into the bowl and pouring milk on top of the cereal. The meal is ready for the
child to eat.
This example of preparing breakfast for a child is fairly straightforward and obvious. But it, too,
could become more complex. Consider varying the attributes of complexity such as the type of
meal, the number of courses, the complexity of the courses themselves and/or the number of
people served. It then becomes clearer that the attributes of complexity for product development
can truly be represented as a continuum. Stated simply, this last example and slightly changing
the attributes help provide insight into the fact that the complexity of the product becomes the
important factor in attempting to characterize complexity, rather than the complexity of the
development itself. Taking this notion further, the complexity of development is a reflection,
and more specifically a function, of the complexity of the product. This will be looked at further
later in this document. There are influencing factors that change the complexity of product
development other than the complexity of the product, and as such, it was not started as a "direct
function". These other factors might be the customer, the number of customers, the enterprise or
the number of enterprises performing the product development, or the maturity of the enterprise.
Subsequent sections will explore all these and other variants.
There are many degrees of freedom that affect the complexity of product development and the
resultant products. This becomes clearer when considering the opposite extreme of complexity
(highly complex). A synopsis of product development for the defense industry offers a brief
look at a highly complex case. Identifying a military (customer) need, getting the money
appropriated in the budget, conducting the bid and proposal process to select a contractor or
contractors to successful fielding of the first product such as a ship or fighter aircraft could take
20 years. It more than likely would involve tens of thousands of people in hundreds, maybe even
thousands of companies.
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This elicits the question of what things or steps are specifically done in a classical product
development cycle. The next section explores the details under "Product Development
Lifecycles".
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5. DEFINING THE CONCEPT AND APPLICATION
OF THE PRODUCT DEVELOPMENT LIFECYCLE
With the basic definition, some generic examples and the introduction of some attributes that
help characterize, or more appropriately start to introduce, the many degrees of freedom around
the concept of product development, that knowledge can now be built upon. This section takes
the concept of product development and puts it in the context of an enterprise and culture. It
develops the concept further into a lifecycle structure and explores the various forms a lifecycle
can take. Additionally, it gives specific examples of products, industries and enterprises that
implement the various lifecycles.
There are many ways to frame or represent these basic steps. In the end, however, enterprises
generally follow the steps presented here. An important distinction that needs to be made is that
depending on the industry, enterprises put varying degrees of effort put into any of the steps in
the product development framework introduced here. This is better understood by looking
further at what is meant by each. This elicits the question of what things specifically are done in
a classical product development cycle. This section explores these steps to provide better
context and even defines a framework for product development.
There are many ways to represent classical product development, but in the end they are all the
same. Some might start later in the process;, some might finish earlier;, some might be
represented by different groupings-sometimes called phases or stages; some might call them
steps. But in the end, generically, they are all a systematic approach to creating solutions that
satisfy the customer's need. For the purpose of this thesis, this section defines product
development in eight steps, called phases. It will span the entire life of product development,
referred to as the lifecycle. The product development lifecycle will begin when the customer
first identifies a problem that needs to be solved (customer need). The lifecycle will be
considered completed when the first product is fielded (delivered to the customer). Later in this
thesis, the lifecycie will extend to include the operation, maintenance and disposal of the
products. At this point, however, the lifecycle phases in comprised of the following:
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* Identify customer needs.
* Develop requirements.
* Develop concept.
" Detail design.
* Develop Prototype.
" Test and validate.
" Produce product.
* Deliver product.
An important distinction that needs to be made; depending on the industry, varying enterprises
put varying degrees of effort into any one of these steps in the product development lifecycle
introduced here. This is better understood by looking further at what is meant by each one of
these steps. The following descriptions of each phase offer some clarification.
Identifying customer needs can be one of the easiest or the most difficult and illusive steps of all
the phases in the lifecycle, as seen in the figure bellow. The following presentation of a defense
industry as a case study illuminates that fact.
Identify Requirement Concept Detail > Ptoin Test and Production Delivery
Customer Needs Development Development Design Physe Validation PPhae see
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Figure 6- Product Development Process (Identify Customer Needs Phase)
Up until the late 1980s, customer needs in the defense industry where not only easily discerned,
but also explicitly defined in various documents released by the U.S. Department of Defense
(DoD) and/or their military services (Army, Navy, Marine Corp, Air Force). When any DoD
operation wished to procure a product or service, it issued a Request for Proposal (RFP). Each
RFP delineated the needs of a customer in excruciating detail. For example, for any given
product needed by DoD, an RFP might define needs in the form of weight, speed, reliability,
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lethality, size, maintainability, use case or even color, to name a few. This greatly reduced, and
in most cases, eliminated any ambiguity of what the customer wanted, needed or valued. The
process of identifying customer needs in DoD and the military services was typically managed
by the business development, marketing and/or sales function of the enterprise.
Over time, starting in the late 1980's, this practice began to change. There are many reasons for
the transformation, but the end of the direct conflict between the United States and the Soviet
Union largely drove it. This change in mission profile required increased development with
reduced budgets. These leaner budgets drove the defense contractors to pursue new alternatives
to product development. The dense base reciprocated the pressure to the DoD and their various
military services to loosen the rigidity in the requirements and specification flow down, which
had previously driven up cost (the "$50 hammer").The large defense budgets of the past and the
imperative to solve hugely complex problems, allowed the defense market to drive technology
development. Over time, this crept into the commercial market. This technology genesis
resulted in most of the best-and-brightest coming out of academic institutions with technical
degrees to migrate towards the defense industry. As the budgets decreased and the defense base
sought less expensive solutions, such as commercial-off-the-shelf (COTS) components and
equipment, technology development began to shift to the commercial sector. This shift was
instrumental in changing the way the DoD did business. As a result, RFPs shifted to
performance-based needs, rather than the explicitly detailed needs of the past. Over the last
decade and a half, the defense industry has struggled to transform their business development
practices to a more commercial model. This shift also required a greater percent of the
industries' revenue dollars to be allocated to the front-end of the lifecycle, into business
development.
The commercial model is at the other end of the spectrum. The commercial marketplace
commits a far greater percent of the enterprise's revenue to the front-end of the lifecycle than
does the defense industry. This is because customer needs are much trickier to ascertain, and
often difficult, sometimes impossible to get right the first time. There are many methods
employed by the commercial industry to capture, understand and validate customer needs. A
few methods offer some insight into the subjectivity of the process:
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* Focus groups.
" Surveys.
" Product samples.
" Pilot testing.
" Use-case studies.
These are only a few. Industry spends a lot of money and time to understand the customer, their
buying habits, preferences and norms. In general, commercial companies spend much more of
their work force and money to gather this all-too-important information. This is totally
warranted as well-not getting the customer's real needs right can cost companies a lot of
money, market, short-and long-term credibility and, in extreme cases, their existence.
Focus groups are a method whereby a company brings together in a room, segments of a target
market and asks specific questions about the likes and dislikes of potential customers. The
company observes these focus groups for non-verbal information such as body language. They
may offer customers products to look at, touch, use or taste. Companies also may ask customers
for their suggestions. They make ask what is good, what could be better or what the customer
dislikes about the various products. These questions may or may not be explicitly what the
company is trying to ascertain about their potential product. They also might be competing
products, or adjacent space products that perform different functions or fill different needs for
the sample group. This is all done in an attempt to characterize the participants of the group and
understand their preferences.
With a brief understanding of the method called focus groups, it becomes clear that many
variables can create subjectivity. Variables can skew results. A company may gain no useful
information if it chooses subjects from a market segment that has no use for their product. A
company must be careful to choose the people from the right market segment-age, race,
religion, economic means, gender and personality type are all important factors. Other variables
include the type of questions asked, the order of the questions, the setting, the facilitator and the
facilitator's behavior. Group dynamics can become another influencing factor in the utility of
the focus group.
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Quite often, there is incentive given to the participants to encourage people to participate in the
focus group. These include money, free products or product discounts. This clearly leaves the
hosting company in search of customer need information in an unpredictable situation. As such,
single methods are combined with others to hopefully triangulate and gain some precision on
information.
Another method that can be used is surveys. This involves giving a targeted market segment a
survey or a series of surveys to attempt to understand their needs and preferences. These surveys
are implemented in various forms such as by telephone, mailings, Internet, door-to-door, in-
person at a store or mall, or indirectly through credit card, bank or credit institution applications.
These surveys frequently ask questions that include the following:
" Who you are.
" Where you live.
* Your economic condition (salary, home owner, etc.).
* What you buy.
" How often you buy.
" What combinations you purchase.
" What time of day you buy.
" Where you buy.
" How far you have traveled from home to buy.
* How your buying habits may change based on the price or discounts given.
This information can be invaluable to companies in search of customer information. This alone,
or combined with the more typical surveys to understand the market place and the preferences of
the consumer, becomes powerful information if interpreted and/or used correctly.
There are other more direct methods employed to gain insight into the customer needs such as;
product samples, pilot testing and use case studies. Quite often, these require companies to
make some initial investment either in the development of a sample product or in taking current
products and not generating any revenue from them. Also, product samples, pilot testing and
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use-case studies are methods that can also be applied later in the lifecycle. One example of a
later use of these methods is in the test, verification and validation phase. These also can be
applied at the front-end, in particular with a mature market or mature product. They also are
invaluable when a company is entering a market for the first time and wants to compete against
an established product-in this case, pilot testing and use case would be more appropriate.
Product samples are delivered in various ways; through the mail, at a store, at trade shows,
sporting or entertainment events, hospitals or doctor's offices. The goal is to get the product in
the hands of the potential customer and create a pull for the product. Quite often, the sample
product will be packaged with a survey, toll-free phone number or Website that offers further
discounts or free product for completing a survey. Pilot testing is similar, but typically on high-
end, more expensive product and typically more dependently done. For example, product use
might be observed in real-time. Or a customer may be given a free product if they complete the
survey in contrast to the product sample method where the customer is given a sample product as
an incentive to complete the survey or give feedback even though it is not a requirement. In a
pilot test, the feedback or survey is required to participate in a pilot test program.
The last method introduced in this thesis, but, by no means suggested to be the last of an
exhaustive set of methods, is the use-case study. The use-case study is a method whereby the
product developer watches and observes several aspects of a customer's behavior when using,
interacting with and/or interfacing with a product. For a use case, a company analyzes the
interaction between the product and the user, while a second-order analysis looks at the
interaction or interactions of the user/product and the external environment. In considering the
user and the product as a system, a company can employ the use-case study to look at the
interaction between the system (user and product) and everything outside the system it can or
will interact with (external environment). Some things the product developer would be
interested in include the following:
" How does the user take the product out of the package?
" How does the user hold the product?
" Is the user holding the product as designed?
" Is the customer using the product as intended?
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" Has the customer immediately identified the use of the product?
" How long did it take the customer to identify the product's use?
" What other specific ways did the customer use the product, which have utility, but were
not how the product was intended to be used?
Many other questions can be asked or observed during the use case. These are just some
examples to provide a deeper understanding of the purpose of the method called use-case study.
Once customer needs are identified, the next step in this phase is to refine the process. Typically,
there are several methods employed to glean the customer's needs and again to triangulate for
distinguishing the customer's real needs from those that are nice to have. More specifically,
identifying and separating features that are required (unless they existed, the customer would not
make the purchase) from those desired (nice-to-have; might be a discriminator against a
competing product, but are not required for the purchase). Once separated into those required
and those desired, an enterprise would then prioritize the list of needs from most important to
least important. In some sense, the enterprise would perform an optimization analysis of the
collected customer needs. The goal of this refinement and analysis is to maximize the potential
customer base for the intended market.
Assuming collection of a good and accurate (reflecting the customer's true needs) set of
customer's needs, having parsed into those required and those desired needs and having
prioritized those needs from most to least important, an enterprise would be ready to proceed into
the next phase of product development.
The next phase in the product development lifecycle is requirements development, as seen in the
figure below. This phase of the lifecycle deconstructs and refines the customer's needs into
exact, quantifiable, measurable attributes the product shall have. These requirements take on the
attributes of either form, fit or function-they are in terms that an organization an act upon. The
following example brings further clarity to the notion of requirements development.
Identify Requiremen Concept Detail Test and
Customer Needs Development Development Design Phase Validation roduction D y
Phase Phase Phase Phase Phase Phase Phase
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Figure 7- Product Development Process (Requirements Development Phase)
During the customer needs phase, a need "to be able to be stored in the front pocket of a man's
pair of pants" established for a given product. Taking this need into the requirements phase and
developing the need into a requirement would look as follows:
" The product shall weigh < 14 ounces.
" The product shall be < 6 inches for the longest dimension measured linearly.
" The product shall be < 3 inches for any other dimension measured linearly.
There most likely would be several other requirements derived from this customer need, such as
a requirement that ensures there will be no sharp edges that could hurt the user or damage the
person's trousers. The job of those performing the requirements development phase are to
ensure that the true intent of the customer need is satisfied and, as a minimum, consider
holistically all the intended and unintended consequences of the need.
The requirements development process is typically owned by the systems engineering function
of the enterprise. The business development, marketing and or sales function are stakeholders in
the process as well. A well-derived requirement speaks to the enterprise's function to provide
specific guidance and targets and direction the function can use to perform its work. To this end,
the systems engineering function, largely, becomes the single integrating layer in the product
development process, as depicted in the figure below.
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Figure 8- Systems Engineering is an Integrating Function
The system engineering function not only derives and develops the requirements from the
customer's needs, but parses them to each of the respective functions. It also manages them
throughout the process to ensure they are actually achievable as well as achieved. The systems
function will create a hierarchy of requirements and go through the deconstruction process with
the specific function to develop subordinate levels of requirements. Taken together, these
requirements should be traceable back to a top-level requirement and, ultimately, directly to a
specific customer need.
The systems engineering function should engage with the entire stake holding functions such as;
business development, marketing, sales, software, hardware, manufacturing, finance, contracts,
legal, test, quality, and project management during this process. Furthermore, it should perform
initial trade-offs with the goal to optimize the derived requirements. Beyond the systems
optimization process, the requirements development phase would introduce several others
processes during this part of the lifecycle.
Typically, a requirements review caps off the entire requirements development process. At this
time, all the stakeholder functions review the results of the requirements process to ensure
completeness, correctness and thoroughness. The next phase of the product development
lifecycle follows.
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Concept development comprises the next phase in the product development lifecycle. This phase
usually includes the systems engineering function, the systems architects, and all the relevant
functions-software, hardware, business development or marketing, manufacturing, supply
chain, suppliers, finance, operations and maintenance engineering. These groups come together
to rough out potential solutions and to make the first attempt to satisfy the derived requirements.
This phase of the product development process is represented in the figure below.
Identify Reurmn ocp Detail totsin Prdctndelvr
Customer Need Development Development> Design Pmoop Tesidtio ndcto elvr
Phase Phase Pha ese Phase Phase Phas
Figure 9- Product Development Process (Concept Development Phase)
Brainstorming ideas for product features and the various forms they might take characterize this
phase. Typically, the group uses sketches and physical objects to convey concepts and designs.
This process is best worked in integrated product teams (IPTs) where diversity helps maximize
innovation. It is the concept development phase where innovation opportunities are at a
maximum. Enterprises work best when leaders highly encourage and facilitate innovation. This
is best done by forming highly diverse teams-and diversity should be considered in every form;
race, gender, age, experience, domain expertise, thinkers, doers, and whatever other form of
diversity is possible. Surrounding the problem with difference will elicit the most innovative
solution. This phase of the lifecycle ranks number two, only behind the customer needs phase,
as most critical to ensuring the proper time is spent to get it right. As with the customer needs
phase, there are many pitfalls to avoid in this phase. Some of those pitfalls follow:
" Lack of diversity.
" Lack of patience.
* Lack of tolerance for wild ideas.
* Too much conformity.
* Poor team listening.
* Too much hierarchy.
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This becomes the first point where the team tests initial requirements trade studies. As a result,
the team makes adjustments and refinements to the parsed requirements. The product
optimization cycle continues through this phase with the first revision of the product
architecture-most typically the architectural form, although not formalized-and the
architectural structure is far from finished being developed in this phase. The organization
balances requirements to approximate the optimal draft concept and completes the systems level
design during the concept development phase.
It is beneficial to have more than one IPT developing concepts independently at this point. The
teams should not be allowed to share ideas. This is critical to ensuring diversity of ideas and
concepts-to ensuring that anything and everything possible is surfaced, discussed and debated.
Quite often, independent concepts can be combined or federated to arrive at stronger concepts.
Once the concepts are conceived and debated exhaustively and independently, it becomes time to
assess their utility and value against the customer needs or requirements. This can be achieved
with a rating system for each individual need or requirement. This should be done by the team
or individual who came up with the concept as well as by others outside of the team or
individual. This rating should be such that a state of excellence is assessed against each need or
requirement and then based on the priority of the need or requirement. The assessment of
worthiness can be weighted and summed to provide a total score for the concept. Proceeding
down this path for each team or individual assessing the concept, provides the ability to take an
average assessment rating for each concept. Repeating this for each concept can provide a
objective method to assess the quality, value and utility for each concept against the given needs
or requirements.
The total product development team can then come back together to review the results. It is at
this point that the team can discuss, refine and merge the features of each concept and synthesize
them into super concepts. Preferably, the team will decide upon more than one super concept at
this point in the lifecycle. They then will re-assess one super concept, as discussed earlier.
Given more than one super concept, the team can repeat the process of merging and
synthesizing. After following the recommendations laid out in this section, the team should have
a single super concept that has maximized the correlation to the customer's needs.
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At this point, the requirements managers (system engineering) make final refinements to the
parsed requirements before moving on to the next phase of the lifecycle. This final refinement
reconciles the super concept against the parsed requirements to ensure the requirements are
reflective of the innovation that took place during this phase without losing the ability to trace
them back to the customer needs.
Next, the architects take over. The architect translates the requirements and the concept into the
product architecture. They would also look at other constraints not necessarily considered during
the concept phase. These most typically will include the "ilities"-that is, the testability,
usability, maintainability, supportability, reliability, and the ability to produce the product, to
name several. The architect also will want to generate an architecture that aligns with the
enterprise resources and that brings the product structure into line with the team structure (IPTs).
The architect defines the interfaces to systems and subsystems as well as human interfaces by
determining standards. The architecture process is critical for the overall integration of the
product. The role of the architect is to think holistically and reduce complexity into a
manageable form.
With customer needs derived into requirements, the concept generated and the product
architecture defined-all of which are optimized against the customer needs-the next phase of
the lifecycle is ready to begin.
The next phase in the product development lifecycle is detail design. During the detail design
phase, the enterprise refines the super concept and product architecture into specific, detailed
solutions. It turns the requirements into specifications that define each element of the solution.
These specifications are combined with determinant details that allow the enterprise to produce
and test the product. This phase of the product development process is represented in the figure
below.
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Figure 10-Product Development Process Lifecycte (Detail Design Phase)
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Typically, drawings, procedures, bills of material or parts lists, and/or software code evolve from
this process, which is directly and uniquely tied to a specification or set of specifications. These
specifications are deconstructed from a requirement that has been levied in the function by the
systems function.
The trade-off process continues throughout this detail design process, in which specification
limits and/or constraints are exchanged for others, such as weight size, power, reliability and/or
others. Typically, this requires very close interaction between the unique function or functions,
and the systems function that manages the requirements process. The goal is to further refine
and optimize the product solution without compromising the complete adherence to customer
needs.
On the hardware side of the product, the designers work closely with vendor or manufacturing
personnel to ensure the design can be produced. Whether the design can be produced considers
not only form, fit and function but also cost or affordability. Cost is also an important
requirement in the allocation process. There basically are two ways to view cost: design-to-unit-
cost (DTUC) or total-cost-of-ownership (TCO). The result is one of perspective. In DTUC, the
cost of the unit being designed is determinant. In TCO, the cost of the unit being designed is
resultant. With DTUC, the designer is allocated cost targets and makes design decisions to
optimize around the constraints of costs, producibility and other design parameters. With TCO,
the designer optimizes around reliability, operations and support (post-sale-ownership costs as a
result of maintenance and reliability constraints). Another way to look at it is to look at it the
way the customer would -from a cost perspective. DTUC only considers the one-time cost to
purchase (non-recurring). TCO considers the sum of all costs. That includes recurring costs
such as the costs to repair it, to maintain it, training needed to use it, the cost to operate it, the
cost to dispose of it and non-recurring such as the cost to purchase it.
This phase of the product development lifecycle concludes with a detail design review. This is
exit gate ensures the designer has considered and solved the whole problem. Some specifics the
designer reviews include the following:
. That the proposed design fully complies with all directed requirements.
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" That the specifications trace to the requirements.
* That the design is complete and correct.
* That the technical data package (TDP) for the design is complete and correct.
" That the design meets the cost targets.
* That the design can be produced.
" That the TDP has undergone a quality check.
* That a materials compatibility check has been completed.
* That a systems safety review has been performed successfully.
" That a human factors review has been successful.
" That the design has passed a software quality check.
" That the software has undergone a successful safety check.
" That a successful configuration management check has been completed.
This list is not exhaustive, but does give an idea of the level of detail that this review can entail.
A peer review usually should be held in advance of the final design review. Often, this provides
a good opportunity for knowledge sharing and reuse of lessons learned, among other things.
The next phase in the product development lifecycle is prototyping. During this process, the
organization begins to make physical and functional representations of the design. There is great
utility in this phase of the product development lifecycle. This phase of the product development
process is represented in the figure below.
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Figure 11-Product Development Process Lifecycle (Prototyping Phase)
It gives the mechanical designers an opportunity to see the strengths and weaknesses of their
designs from a form-and-fit perspective. It also provides an opportunity for the test community
to finalize their test processes. It allows the electrical designers to check out their circuitry as
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well as start the system software integration process. Until this point, the software designers
produced preliminary code and used emulation capability to pose as the machine interface. Now
that the design is fully complete, the software community can finish the software code
development and start to load it on real prototyped hardware to begin the integration, test and
debug phase of their process.
The manufacturing community develops production procedures in parallel with these prototypes.
At the same time, the logistics community, where applicable, starts the process of developing
owner's manuals, assembly manuals and operations manuals. Depending on the complexity of
the product, the logistics community might also be developing training material for operation,
maintenance and/or repair of the product.
Final refinements are made to the test capability, where applicable. While manufacturing refines
their manufacturing plans, the finance community distills costs. In the commercial market,
marketers work with advertising firms to finalize advertising and sales campaigns. In addition,
marketing and sales prepare distribution networks for product launch and delivery.
Most of an enterprise's functions come together during this phase to make final revisions to their
respective plans. Likewise, designers make final adjustments to their designs before the
prototype enters the next phase of the product development lifecycle: Test and Validation, as
seen in the figure below.
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Figure 12-Product Development Process Lifecycle (Test and Validation Phase)
During test and validation, the prototype becomes fully functional, with software and hardware
fully integrated and expected to be fully compliant with the requirements for the product. During
this phase, the test community has completed their work in developing test capability to fully test
the product to ensure the product meets all of the intended requirements. Moreover, the test
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community, along with the designers, has developed a full set of test plans. These are much like
a script. They are used to put the product through various levels of testing at precise times, with
the goal of testing all aspects of the product's functionality. The test plans quite often will
specifically indicate precise data that needs to be captured and analyzed. Additionally, the
product likely will be tested for durability, usability and reliability.
It is at this point that the prototype or a second prototype might be taken back into the
marketplace for additional information to validate the product meets the customer's needs. This
might be referred to as field testing.
Based on the results of the test and validation, final adjustments are made to the hardware and
software. The drawings and software documentation are updated and the logistic community
completes their aforementioned work. The manufacturing community readies the manufacturing
line for production. The supply chain and quality community check the suppliers' capabilities to
ensure they are ready and prepared for production. Quite often low-risk, long-lead items are
ordered from vendors and are shipped to the facility where production will take place.
This phase closes with a production readiness review. Some of the things looked at during this
review include the following:
" The manufacturing plans have been completed.
" The industrial engineering community has completed and validated all manufacturing
procedures.
* The manufacturing line has been readied..
" The manufacturing personnel have been trained on all manufacturing procedures.
" Long-lead items have been ordered and are on schedule.
* The technical data package has been updated and completed
* Configuration management has verified there are no outstanding change orders that have
not been incorporated.
* The test community has verified the prototype product has been fully tested and meets all
the test requirements.
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" The supply chain community has verified all suppliers are ready for production.
" The quality community has verified all quality requirements have been met.
* The software community has verified all software requirements have been met.
* The systems engineering community do a final check to ensure all requirements have
been met
At this point, the design is fully vetted and ready for production. The marketing and/or sales
community continues to perform their work readying the advertising and distribution networks.
They potentially may be training external sales forces and/or distribution networks to prepare for
the first delivery of the product.
The next phase in the product development lifecycle is production. In this phase of the product
development lifecycle, the design is reproduced over-and-over to prepare to deliver production
units to the customer-end users, distributors or dealers. This phase of the product development
process is represented in the figure below.
Identify Requirement Concept Detail . Test and
Customer Needs Development Development Design Prototypig Validation Production Delivery
Phase Phase Phase Phase Phase
Figure 13-Product Development Process Lifecycle (Production Phase)
At this time, the logisticians put the final touches on the owners, assembly, maintenance manuals
or videos. These will be completed just-in-time with the first shipment of a production unit or
units.
This phase is concluded with a ship readiness review. Some of this things looked at during this
review include the following:
" Unit quantity matches purchase order.
* Production travelers have been fully completed for all units ready for shipment..
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* The quality community has verified all units meet all required test and quality standards
for the product.
* The products have been packed properly for safe shipment consistent with the mode of
travel (i.e.: truck, plane, and/or ship) to destinations.
* All paperwork and/or manuals have been included as intended.
At this point of the product development lifecycle, the product has been made ready for shipment
and the customer base has been primed through advertisers (television, radio, print media,
mailings, web media, product trials and good old word-of-mouth), distributors and dealers.
Delivery concludes the final phase of the product development lifecycle covered in this thesis.
This phase can be seen in the figure below.
Identify Requirement Concept Detail . Test and P
Customer Needs Development Developm ent Design Prototypmg Validation Productin Delivery
Phase Phase Phase Phase Phase Pha ase Phase Phase
Figure 14-Product Development Process Lifecycle (Delivery Phase)
During the delivery phase, the organization ships the product to consumers, distributors, dealers
and advertisers for distribution and sales. The logisticians already have prepared the operations
and support infrastructure, where applicable, with operations, maintenance and repair knowledge
and capability. The marketing and sales engine is running at full throttle to drive sales revenue
to garner a return on the large investment that most likely has been made up through this point of
the product development lifecycle. They also diligently are working to gain early market
feedback on the product. They will use this feedback to adjust the marketing and advertising
campaign to better address the market. The sales forces also continues to adjust their methods in
real-time, based on early market feedback.
This section of the thesis has focused on the product development lifecycle. Specifically, it
presented the lifecycle as an incremental model. The product development lifecycle, however,
can take on various other forms. Although this thesis will not discuss the other forms of lifecycle
models research on other models such as waterfall, spiral and combinatory models can easily be
44 of 99
John J Gatti
MIT Masters Thesis
found. Each has unique features that exist as specialized applications of the systems approach
described in this thesis. As stated at the beginning of this section, all lifecycles, regardless of the
model or abstraction, follow the same path. They may vary in duration or in the extent of effort
put into each phase. They may even overlap or loop phases-but in the end, the systems
approach to product development remains unchanged.
The focus on the product development lifecycle in this section has highlighted product
optimization. This concept of the product development lifecycle spotlights a systems approach
to developing and delivering an enterprise's products. The systems approach should be the
fundamental building block used to transform an enterprise to a model-based environment. It is
the first step an enterprise can take on the path to maturity. The next building block, or step to
maturity of an enterprise involves shifting the focus from optimizing products to optimizing the
product development lifecycle itself. The next section of this thesis introduces and develops this
idea.
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6. DEFINING THE CONCEPT OF THE IPD LIFECYCLE
The last section provided a basic understanding of the concept of the product development
lifecycle. By building on this previously presented information, this section moves the focus to
optimizing the product development lifecycle itself. This is the next fundamental building block
in the transformation to a model-based environment-one that is fundamental to maturing any
enterprise to a higher state of leanness. This section refers to the concept of an optimized
product development lifecycle as the Integrated Product Development (IPD) Lifecycle.
Three terms previously defined in Section 3-enterprise, architecture andframework-become
even more important in understanding the systems approach and the optimal state of the lean
enterprise, the model-based environment. An enterprise can be thought of as a system and it is
like any system. "It contains subsystems, and itself is part of a larger system", explained by Dr.
Edward Crawley of Massachusetts Institute of technology (MIT). Combining this premise of the
enterprise as a system with Dr. Crawley's perspective, an enterprise, in essence, exists as a
system. The last section of the thesis introduced the product development lifecycle introduced as
a process, but, in fact, it is more than that. The product development lifecycle can be thought of
as a system-one of the most critical s parts of an enterprise's system. The product development
lifecycle provides the framework for several key elements or subsystems of an enterprise,
including the following:
" The lifecycle process (as defined in the previous section of this thesis).
" Automation tools (software applications).
" Knowledge, information and/or data management.
" Training.
" Metrics.
" Other pieces that interact throughout the lifecycle.
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When integrated, however, the product development lifecycle forms a system that provides a
framework for the entire enterprise to interact. This framework for interaction warrants further
discussion.
It will help to look at the notion of interactions in the context of the "lean enterprise" as taught
by Dr. Debbie Nightingale of MIT. The "lean enterprise" -
" Does only those things that needs to be done (not more, not less).
" Does those things at the exact right time (just-in-time; not too early and not too late).
" Takes the exact amount of time to do them (not more, not less).
" Does them with exactly the right number of people (not too many, not too few).
* Does them perfectly the first time (error free; perfect form, fit and function; not too much
and not too little).
A lean enterprise can be described as the pinnacle of efficiency and effectiveness. In terms of
maturity, a lean enterprise has reached the optimal state. The reality is, unfortunately, that it is
almost impossible for an enterprise to maintain this as a constant state. Every enterprise system
involves human interaction and humans are not perfect. While a human can achieve perfection
for an instant of time, the reality is that, over time, consistent perfection as an outcome of human
behavior becomes an unsustainable state. In mathematical terms it looks like this:
If:
PH = Probability of perfection from a human
t = time
Then:
PHt)<«1 -0
To further make this point, for an enterprise that contains more than one person, the probability
of perfection diminishes, as a minimum, the sum (serial processing) of the human interactions:
looks like this
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If:
Person one = H1
Person two = H2
Person n = Hn
Then:
PH1 (t) + PH2 (t) + . . .. + PHn (t) + <<< 1.0
Even more realistically, if an enterprise contains more than one person, the probability of
perfection diminishes equivalent to the product (parallel processing) of the human interactions,
which looks like this:
If:
Person one = H1
Person two = H2
Person n = Hn
Then:
PH1 (t) X PH2 (t) X . .. X PHn (t) <<<1 .0
Given the aforementioned, an enterprise should consider achieving this optimal state of leanness
as a goal to continually pursue. It must, however, always balance this pursuit against the
business case of return on investment (ROI). Stated more simply, achieving this goal will cost
the enterprise "x". Once there, the enterprise will save "y" from the current cost of operations,
which includes the effects of increased revenue and profit as shown in the following equation:
If:
X = Cost or Investment
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Y = Savings (including the effects of changes t
o revenue and profit)
Then:
X << Y
Each enterprise should balance the value proposition of affordability, which in and of itself has
temporal relevance. Said in another way, not every investment will provide immediate (current
fiscal year) return. Viewed mathematically, it looks like this:
If:
X = Cost or Investment
Y = Savings (including the effects of changes
to revenue and profit)
t = Time
Then:
X (t1) << Y (t2 ) where t2 >> t1
(i.e., investment for future return)
Nevertheless, most enterprises need improvement converging toward this state well before its
ROI shows diminishing returns. It is this enterprise for which this thesis was written.
The IPD lifecycle is a system which is the critical framework for the enterprise human capital to
interact in the pursuit delivering products to satisfy their customers. Given the reality of human
interactions and the probability of producing less than optimal results anywhere along the
lifecycle, it becomes relevant and critical to ensure these interactions are well defined in the
system. The architecture of the system then becomes an important feature to ensure well-defined
interactions within the system called the IPD lifecycle. And for the purpose of this thesis, the
system pieces, elements or subsystems the architecture will integrate are:
0 The lifecycle process (as defined in the previous section of this thesis).
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" The automation tools (software applications).
" Knowledge, information and/or data management.
* Training.
" Metrics.
" Other pieces that interact throughout the lifecycle (which this thesis will not address).
Many other attributes and features of the IPD lifecycle that will be introduced later in this thesis
as modeling and simulation capability come into the forefront. Each subsystem delineated above
can be considered independently within the architecture. When developing the concept of
operations and the transformation plan in its entirety later, this thesis will discuss each in detail.
For now, it should be considered a valid assumption that each will become an important feature
of the lifecycle systems architecture. Given this assumption, the architecture is depicted the
figure below.
Figure 15-Integrated Product Development Lifecycle System Architecture
The architecture depicted above confirms the importance of understanding the interface or
interaction points of each subsystem to other subsystems in the architecture at any given time
during the entire lifecycle. To understand this point more clearly, a notional depiction of the
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multiple subsystems interacting in a functional flow diagram at specific point during the lifecycle
provides a greater appreciation of the complexity. For the purpose of this notional depiction, the
subsystems can be simplified as follows:
* Lifecycle process = Process.
" Automation tools (software applications) = Tools.
" Knowledge, information and/or data management = Product Data Management (PDM)
" Training = PDM
* Metrics = PDM
The simplification above, in summary, reduced five subsystems [the lifecycle process; the
automation tools (software applications); knowledge, information and/or data management;
training; and metrics) to three subsystems (process, tools and PDM). The figure below shows a
notional depiction of the multiple (three) subsystems interacting in a functional flow diagram at
specific point during the lifecycle.
PROCESS PROCESS PROCESS PROjESS PROCESS
IsTEP 1) TEP 2) (STEP 3) (STEP 4) TEP5)
Figure 16- Integrated Product Development Lifecycle System Functional Flow Diagram
This presents another dimension to the architecture-the interaction with human capital
throughout the lifecycle. As such, the entity relationship diagram depicted below provides a
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simple view interaction between the two systems: the IPD lifecycle and the human capital
system.
---- 
---- 
;FPROCESS
PDM
Figure 17- Integrated Product Development Lifecycle System Entity Relationship Diagram
From the entity relationship diagram, it becomes clear that there is an added dimension of
complexity when adding in the human interaction. Adding the human interaction into the
notional IPD lifecycle system, the complexity of interactions escalates as the figure below
shows.
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--------------------------------------------------------- 
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Figure 18- Integrated Product Development Lifecycle System Functional Flow Diagram with
Human Interaction
It is important to recognize that this is merely a notional representation of a very small process
within one phase of the entire lifecycle. This representation shows five process steps. It is not
unreasonable to assume there might be as many as 2,000-to-3,000 process steps in this life cycle.
Assuming 2,000, since there are only 5 process steps shown, this notional depiction represents
less than 1 percent (0.25%) of the total lifecycle. This becomes an important point in making the
case that there are potentially tens of thousands of interactions that could occur during the
product development lifecycle. These encompass understanding the customer's needs to
delivering the first product. The following questions underline important issues:
* In the absence of a systematic product development lifecycle, how can an enterprise
remember all the potential steps it must take?
* How can an enterprise learn if it does not perform in a predictable manner every time?
* Given that humans are not perfect, how many opportunities are there for error in the
entire lifecycle?
* How does an enterprise customize the lifecycle depending on the customer's needs?
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Many more relevant questions exist, but it should be clear that an enterprise would benefit
greatly from having a systematic approach to product development. And if the enterprise
undertakes a system-based approach as prescribed in the previous section, it behooves the
enterprise to document it. Documentation creates a baseline so an enterprise can apply lessons
learned. It also provides employees with a knowledge-based learning opportunity as well as a
baseline for measuring cycle time and other key parametric indices to understand costs so the
enterprise can focus on time-critical steps when automation or other improvement opportunities
arise.
Lastly, resolving the interfaces-who, what, when and why-with enough fidelity will help
communicate expectations among stakeholders throughout the enterprise along the entire
lifecycle.
What What
When When
H ow PROCESS How
Who Who
Wh4 Why
Figure 19- Notional Interface Diagram between Process Owners
This will significantly reduce or.even eliminate surprises during the lifecycle and, most
importantly, the rework that can result from those surprises. The brief examples provided below
bring additional clarity to the type of information that should be defined with interaction:
* Who-define the organization, people or persons who will perform the action or task, or
who will be expected to perform it.
" What-define the action, process or task that will be performed or will be expected to be
performed.
* When-define the time an action, process, task or artifact (template, plan, design, cost,
list, file, e-mail, letter, data, information, etc.) should take to be delivered or received.
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0 How-define the means by which an action will perform or is expected to be performed.
* Why-define the reason, purpose and/or value of performing an action, process or task;
or define the risk of not performing it.
It is recognized that "one size does not fit all". Not every product an enterprise will develop and
deliver requires the same level of effort and actions throughout the lifecycle. For this reason, the
final key feature of lifecycle architecture is that it needs to be able to be scaled or tailored to fit
circumstances. For example, if an enterprise develops an integrated hardware-software product
one time and later develops a software upgrade for that product, the process steps taken during
the two lifecycles will differ. The architecture must be sensitive to this. Tailoring a task, process
or phase should not leave the system dysfunctional. The architecture should provide a
modularity feature so this can be enabled. The key is that The enterprise must ask and answer
the same questions every time it goes through the lifecycle. Those questions may include the
following:
* Is this action, task, process or phase needed?
* What are the risks of not performing it?
The process of asking and answering these questions, and taking the results and embedding them
in a product development plan is called the tailor process. It is critical to predictable planning
and execution of the product development lifecycle. Later, this thesis will show how these
results enable an enterprise to learn and mature.
55 of 99
John J Gatti
MIT Masters Thesis
7. DEFINING THE RELATIONSHIP BETWEEN MODELING,
SIMULATION AND THE IPD LIFECYCLE
The last section of this thesis built on the concept of the product development lifecycle by
integrating additional elements or subsystems. It then explored the interaction of the subsystems
and the complexity that arises when human capital is introduced into the overall system.
Continuing from there, this section looks at the automation or tool system and explores the
features, benefits and pitfalls of an integrated tool or automation subsystem. It introduces the
concept of modeling and simulation as a way to further integrate and make the system leaner; it
also begins to address the concept of reuse.
The following basic definitions and examples clarify key terms such as; tool, model, simulation
and reuse, all important foundational terms used in this section.
A tool in the context of the IPD lifecycle is a process that has been automated with a software
application. For example, mechanical drawing originated as a process. An engineer, electrical
designer or draftsperson used paper, pencil and various templates and scales to draw designs.
Now, a part of this process has been automated with software applications called computer aided
design (CAD). Thus, CAD fulfills the definition of a tool in this context. A model in the context
of the IPD lifecycle is a physical or electronic three-dimensional and/or functional representation
in form, fit and function of a product, system, element or component. This model can be a scaled
form factor of the intended outcome. In the past, people produced models either by creating
orthogonal or perspective drawings, or by physically building full-size or scaled replicas of
objects using the intended material or other materials such as balsa wood, plastic or aluminum.
Over the last decade, physical modeling capabilities have progressed significantly with the
infusion of technology. Stereo lithography and three-dimensional printing exemplify at least two
capabilities that allow electronic drawings to be downloaded to equipment that automatically
produce physical models. CAD software has progressed to the point that designs can be
transformed into three-dimensional renderings of an object or even put multiple objects together.
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These capabilities are maturing to the point where time-consuming, costly physical models have
become all together unnecessary.
Simulation in the context of the IPD lifecycle denotes a physical or electronic representation of
the form, fit and function of a process, product, system, element or component in operation. It
can refer to a physical or electronic representation of a use case, to combined, multiple use cases
or simply to an electronic replication of an act. Continuing with the example of mechanical,
electrical and software design applications, simulation also can be accomplished electronically in
most cases. Historically, an enterprise had to generate or fabricate a physical prototype. It then
tested the prototype, recreating actual test cases to validate and verify the object would meet its
intended use. Advances in software applications and design tool automation are rendering this,
too, as passe. The CAD tools for both mechanical and electrical design electronically aid the
design process. They also develop models, combine models for fit and conduct interaction
checks. Now, they have even gained the ability to simulate the functionality of a design and/or
system. Furthermore, these tools can do the same for software design, code generation and
model building and testing. Software design can easily emulate hardware functionality to
simulate systems operations, a standard practice that the computer science community has been
doing for decades.
Reuse in the context of the IPD lifecycle is an event of recurrence or taking the output of an
event, also known as a product, and reclaiming it through replication for another cycle. In
theory, reuse is very easy to achieve, especially given the advancement of software tools for
design, modeling and simulation. In practice, it is not so easy. Simplistically, every screw, bolt,
resistor and capacitor an enterprise uses in a design exemplifies reuse. Many of these items were
designed decades ago and the specifications were catalogued and modeled in various forms.
Even at the next level of the product structure, reuse is fairly typical. Things such as hinges,
cabinets, lighting devices, keypads, prepackaged timing circuits and other electronic functions
are catalogued for reuse. In the software arena, object-oriented design has made reuse possible
for prepackaged software functions. The challenge starts to surface at the next higher level of the
product structure. At that point, products and product lines need to be manufactured to enable
reuse. This is commonly referred to as product line architecture. Typically, additional
functionality is developed that allows several levels of performance to take advantage of the
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economies of scale. This eliminates non-recurring development costs and leverages the volume
discount inherent in mass production.
Dr. Nancy Leveson of MIT has done a lot of research and work in the area of reuse in the context
of modeling and simulation. Dr. Leveson, Kathryn Weiss and Elwin Ong all of MIT, co-
authored a paper titled, "Reusable Specification Components for Model-Driven Development".
This paper draws attention to several important points about reuse, including its problems,
pitfalls and enablers.
The terms "model" and "simulation" are most frequently seen in combination to form a domain
called "modeling and simulation". Although they are typically separate capabilities, the real
value comes when the model work that has been done is used to simulate the functional and
operational capability as intended.
To gain a deeper understanding of this concept called modeling and simulation, it helps to
deconstruct the concept to reveal how the functionality is enabled. To get at the root of modeling
and simulation, it requires an understanding of how data and information flow through the IPD
lifecycle. The premise is that the IPD lifecycle and the fully integrated tool suite cannot be
decoupled. This is largely derived from the definition of a tool. The two are mutually
dependent. The following paragraphs explore this further and connect the dots on this
dependency and how it evolves incrementally.
Fr the purpose of this exploration, a simple process with six sequential steps and no looping will
be considered a lifecycle, as shown in the figure below.
PROCESS PROCE$S PROCESS PROCESS PROCESS PROCESS
sFi e 20-p 2 Stop 3 Stp 4 StPp stp 
Figure 20- Notional Six Step Process Lifecycle
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This lifecycle, in theory, would require some input at the beginning to start the process. The
input could be in the form of data, information, raw material or any other physical entity. This
input is acted upon as directed by the process step and in the context of this lifecycle, value is
added. This input plus the action taken as a result of the processing required at this step then
becomes the product or output of this process step as seen in the figure below.
Data
Information f PROCESS
Raw material INPUT (Value added Action) VU T Product
Entity
Figure 21-Processing Flow Diagram
This output then becomes the input for the succeeding process step. The cycle repeats for the
next process step as previously stated and this continues through the end of the lifecycle as
shown in figure below.
w~ur "NPUT wur #WUT fWUr wPur
Data
Information PROCESS PROCESS PROCESS PROCESS PROCESS PROCESS
RSaw ma eria SpeStep I tep 3 Step 4 Step 5 Step .
OUTPUT OUTPUT OUTPUT OUTPUT OUTPUT OUTPUT
Figure 22-Notional Six-Step Process Lifecycle with Processing Flow Shown
Next let's assume the form the input or output might be captured on or in awaiting the processing
of the next step or at the end of the lifecycle. Years ago, the input and/or output most like was
captured in the form of paper. This paper, if not immediately acted on needed to be stored, most
likely in a file cabinet. Later, with the advent of computers, capturing or at very least,
transcribing onto paper was lessened or even eliminated. Most likely paper copies were still
generated for review and distribution, and eventually this lessened with the propagation of e-mail
and other electronic distribution methods (archiving, file transfer protocol (FTP), depositories, or
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others). At some point, it was still necessary, to transcribe information into the next application
or tool, as the tools would not talk with each other, meaning the data format of one application
was not compatible or could not be read by another.
This is all rapidly changing, application OEMs are letting down their guards and realizing they
will never own the whole lifecycle by making their data provision proprietary, and in fact it
became a barrier to entry with new customers. This was also was helped by significant progress
in middleware capability. Middleware is an application that effectively is used as a translator
between two applications to facility interaction. A depiction of middleware is seen in the figure
below.
TRANSLATED
DATA DATA
Middleware
DATA FLOW
Figure 23-Notional Depiction on Middleware as a Translator between Two Software
Applications (Tools)
At this point, there is enough of a basis for understanding the vision, where the product of every
process step in the lifecycle from beginning to end formerly captured on paper is now captured in
bits and bytes. Every successor application was able to take the output directly from the
predecessor application (tool) as seen in the figures below.
DATA FLOW
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Figure 24-Notional Depiction of Integrated Software Applications (Tools)
At some point in the lifecycle, true modeling and simulation emerges. Imagine an end-to-end
string of applications where data and information flow seamlessly from application to
application, where value is added each step of the way and the design being developed is able to
be completely integrated, tested, validated and verified by electronic means. This would
eliminate the need to physically prototype, saving time and money. It would also eliminate the
need for those specialized skills and the capitalization that might come with the need to develop
physical prototypes or worse having to produce another prototype because of defects as a result
of the frailty and instability that comes with human to human interface. This overtime would
increase the predictability of "knowledge transfer across boundaries", research done by Dr Paul
Carlisle of MIT, which will be discussed in greater detail later in this thesis.
For the purpose of this thesis, "knowledge transfer across boundaries" is more than establishing a
common language and common methods. It is about transforming data into value. Let look at
the genesis of data and how it can be transformed into value. It is this cycle for which the IPD
lifecycle can enable the delivery of data just-in-time, and in context, such that it can be used as
information, applied, thus adding value. The illustration seen in the figure below depicts the
sequence of events.
-' (CQINFO
DA TA Deivered in Transformedcontext
TIME
Figure 25-Lifecycle of a Prior Event Being Transformed into Value
The capability enabled through automation and the integrated value stream that comes from the
fully integrated tool suite, facilitates the capture of key data which at a later date can be pushed
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or pulled by the next user exercising the lifecycle to have data delivered just-in-time, in context
thus transforming it into information which establishes the basic response needed for reuse.
Now with an understanding of the integrated tools environment firmly established and an
understanding of where in the lifecycle modeling and simulation takes place, we can explore
some (this will be abbreviated at this point and more fully developed later in this thesis) benefits
that can come from such an environment.
" Eliminate translation.
" Eliminate data translation and input.
" Eliminate the input and translations defects.
" Eliminate the specialized skills and capitalization for equipment needed to perform
physical prototyping.
" Eliminate the cost of scrap and rework associated with physical production.
* Drawing production and delivery.
* Production of multiple prototypes (typical that several disciplines need their own
prototype to complete their respect tasks).
* Enable the capture models in the native application enabling reuse.
It is this last benefit discussed further in the next section of this thesis. The concept of capturing
for the purpose of reuse is at the essence of the model-based environment.
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8. CONCEPTUALIZING THE MODEL-BASED ENTERPRISE
We are now ready to look at the vision of the ultimate state of leanness, the model-based
environment. First let's recap how the enterprise got to this point. We have evolved the
enterprise through several levels of maturing actions
" Establishing an enterprise wide understanding of the terms product and development.
* Combining the terms to establish the concept of product development.
" Developing the concept of the product development lifecycle.
* Integrating additional key elements or subsystems into the overall enterprise system
called the IPD lifecycle
* Focusing in on the subsystem called tools, and establishing the possibilities associated
with the integrated tool suite, one being the concept of modeling and simulation in the
context of the IPD lifecycle.
The enterprise that has taken these steps, and done so incrementally, has increased the
probability of an institutional behavior or created the muscle memory in the enterprise to perform
more predictably. Institutionalizing this behavior in the enterprise such that it is sustainable and
now innate in the "DNA" or a natural response of the enterprise for any business pursuit is called
product development. This enterprise is now ready to realize the true potential and power of the
integrated enterprise to leverage the model-based capability it has instantiated enterprise wide.
To understand this further, let's look at an example.
Your enterprise has just completed the transformation steps listed above. The enterprise is now
ready to exercise the lifecycle for the very first time in pursuit of a new business opportunity by
developing a product to meet its customer's needs. Through the various methods afforded this
enterprise, the customer's needs are identified and captured in a tool.
These needs are now viewed in the tool and acted on by the people or discipline in the enterprise
responsible for developing product requirements. The requirements are initially derived and
63 of 99
John J Gatti
MIT Masters Thesis
passed to the appropriate various people or disciplines using the web-based collaborative
capability of the tool.
These people form a preordained team or teams (as defined by the product development lifecycle
system) to develop concepts in the next tool, which has taken the data directly from its
predecessor partner in the integrated tool suite. The team or teams develop concept models that
are vetted against the requirements and the tool provides feedback on the level of compliance of
the concept model or models. The team then acts on this informational feedback and evolves the
concept model to achieve an optimal state by maximizing or minimizing attributes of the model
to converge on the optimum as mathematically derived by the tool.
As the concept models are developed and/or completed, the team lead or leads are notified of the
team(s) respective status automatically through the virtual web-based collaboration enabled
through the integrated tools suite. These models are viewed by the various teams or peers in the
native tool from the co-located or distributed workstations. As each stakeholder is completed
with their respective viewing, the leads are notified.
At this point, the next step, the team concept review is ready and already pushed to each
stakeholder's electronic calendar with target dates and web links for the respective and specific
team reviews. The team reviews are completed either synchronously or asynchronously as
determined by the workflow requirements established by the respective lead or leads and flowed
through the tool suite as well. As the review or reviews are completed, the team or teams
establish their scoring, rating or ranking on-line through the virtual workplace in the native
application hosting the review.
The scoring, rating or ranking is then used by the tool to automatically sort and prioritize
features, benefits and/or weaknesses of each concept model respectively. The concept model's
attributes are merged and synthesized into a super concept model. This collaborative process is
synthetically assisted in optimization through the parametric attributes that are assessed for level
of compliance or goodness against the requirements as well as by the various teams as well to
arrive at the statistically optimal concept model. The tool then notifies the stakeholders (as
defined by the IPD lifecycle system), that the concept development phase is completed and the
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model is archived in the product data management system with the visually and textually Meta
information.
One thing that should be noted, as we progress through the phase of the IPD lifecycle system, it
not only pushes the status to the various and respective stakeholders, it also is updating the
integrated master schedule and integrated master plan on progress. This in turn is calculating the
product development's performance in various ways from financial, to earned value, to process
and product quality, and many other various indices, all of which are viewable on the
enterprise's dashboard.
Another feature of the integrated master schedules and plans in the model-based environment is
the definition instantiated as to who, what, when, where and how. This further characterizes the
development project in such a way that if development cycle to development cycle, this
information is compiled, it will form the basis for the enterprises' work force planning capability.
Let's explore this further. The "who" is defined in terms of the skills and competencies required
for the project so the right individual is identified automatically against the enterprises' human
capital system. This allows the discipline centers to understand the workforce needs
performance and projections across the enterprise and in real-time so it can be acted on. This
system also notifies the human resource function to ensure the enterprise is communicating with
the proper pipelines (academic, professional services and learning organizations) to provide just-
in-time delivery of human resources with exactly the right skills, competencies and experience
and work preferences.
The next phase of the lifecycle begins after the requirements are updated automatically against
the approved concept development model. The requirements are decomposed further in the tool
and passed to the proper discipline and/or teams as defined by the team structure that has been
derived against the evolving product structure. This relationship between the product structure
and the team structure is shown in the figure below.
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Figure 26-The Relationship between the Product Structure and the Team Structure
The passing of the decomposed requirements to the respective integrated product teams (IPTs)
begins the detail design phase. Each of the IPTs takes their respective requirements and begins
the phase of designing in detail those pieces of the system for which they are responsible. For
example, if they are mechanical designers, they would access their mechanical design tool,
typically referred to as computer aided drawing (CAD) as discussed earlier in this thesis. This
tool would access the respective requirements created by the requirements phase owner to enable
the mechanical designer to begin the detailed design phase.
As the completion of the detailed design phase nears, the CAD tool continually evaluates the
features and attributes of the evolving design against the requirements for compliance levels.
This again, as delineated earlier in this section of the thesis, is one of an iterative convergence
cycle toward maximizing compliance to all requirements assigned to achieve the optimum. The
tool continually communicates electronically with the collaborative product development system
the status in the form of several parametric indices such as:
* Cycle time.
" Duration.
66 of 99
John J Gatti
MIT Masters Thesis
" Task percent complete or percent remaining.
" Requirement compliance level.
This information again, is used to provide real-time performance for all the stakeholders on the
team and the enterprise. This information in a fully integrated enterprise would feed the
enterprise resource management systems, which facilitates several key enterprise functional
systems such as:
* Accounting.
* Human resource.
* Workforce planning (WFP).
* Material resource planning (MRP).
* Customer relationship management (CRM).
* Collaborative Product Development (CPD) or product lifecycle management (PLM)
Once the tool and designer agree the optimum has been achieved, the tool places the completed
detail design or model in the product data management (PDM) system, which then automatically
notifies the stakeholders of milestone completions along with other key indices as discussed
earlier. Although mechanical design was shown as the example, this scenario would be true for
electrical, software, test, logistics, manufacturing or any other design discipline as delineated in
an earlier section of this thesis. In this total collaborative integrated synthetic environment, the
prototyping team has been readying for the start of their phases as they are notified throughout
the phase with progress updates estimating the start time for the next phase.
The next phase, prototyping, of the IPD lifecycle in a model-based environment is where the
greatest gains are realized. As discussed earlier in this thesis, each of the designs or models
would then be physically produced, assembled and integrated with software to arrive at a fully
replicated working model. This working model will have some or all form, fit and function as
defined earlier in the lifecycle by the product lead. This activity is completed in preparation for
the next phase of test and validation. As described earlier in the modeling and simulation section
of this thesis, the physical production process is eliminated. The synthetic environment made
possible because of the fully integrated tool system enables this.
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This phase would occur by accessing the product structure view of the product data management
system and directing the system to "integrate", formally referred to as prototyping. This would
signal the integrated tool system to perform a process whereby all designs or models are
accessed from the product data management system where are stored and meta-tagged for
definitive recognition by the system. This definitization provides the attributional
characterization for any model stored in the repository. There are many attributes by which a
model can be characterized, some of which are already mentioned, including the following:
" Product relationship.
* Product structure level (WBS).
" Assembly relationship.
* Affiliation to an enterprise, organization, team and/or person.
" Cost.
" Cycle time.
" Duration.
" Task percent complete or percent remaining.
" Requirement or requirements for which it was designed.
" Requirement compliance level.
" Specification parameters.
" Date started or completed.
" Bill of materials for which it was used (number of products in which it is used) or the bill
material from which it was composed.
This list can go on and on. The benefit is, the more metadata the design or model is tagged with,
or the better it is attributionally characterized, the more ways or better the system or researcher
can mine it. This then creates a perpetuating or latent value opportunity, through reuse or to
learn from as an example of several potential benefits.
Returning to the start of the phase, designs (hardware and software) or models would be accessed
for the entire product structure. Starting from the very lowest level in the product structure, the
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elements of the product are virtually assembled, level-by-level, until the product takes its total
form. The software is integrated, either in parallel with the assembly steps, or at the end when
the hardware portion of the product is completed (serially). A final quality check by the system
can be performed at this point to ensure every element of the product structure, as developed, is
accounted for and all interfaces are established. The system passes on the proper parametric
process performance data to update the development status when the model is stored in the
product data management system. In this total collaborative integrated synthetic environment,
the test and validation team has been readying for the start of their phases as they are notified
throughout the phase with progress updates with an estimated start time for the next phase. The
integration phase, formally called the prototyping phase is now completed.
We are now ready to move into the test and validation phase of IPD lifecycle. In the model-
based environment, the test team will access the total product model through the synthetic
simulation environment (tool) as well as the test systems (typically algorithms) and begin testing
and validation the total products against the performance requirements established at the
beginning of the lifecycle, some of which are characteristics described earlier in this thesis.
There are other lifecycle model representations, waterfall or spiral, where much of this phase's
function can be distributed to earlier parts of the lifecycle during the detailed design and
integration (formerly called prototyping) phases respectively. This is most typically the test
philosophy implemented in the production environment and typically designed into the test
philosophy early in the requirements phase. It is enabled with a product requirement called
testability. Testability is instantiated in the design by the detail designer, who will either build-in
test capability into the function of the electrical and/or software elements of the product or
through mechanical means, design in test nodes and/or gauges for a person with external test
capability gain access to status or test some or all of the functionality of the product.
The test and validation team continue through this phase by exercising the total product until all
product requirements that need to be validated are in fact verified. Once completed, the
metadata associated with this total product model is updated and then stored in the product data
management system. The collaborative product development system then automatically passes
the process performance information onto the stakeholders and the enterprise systems to update
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the status. In this total collaborative integrated synthetic environment, the production team has
been readying for the start of their phases as they are notified throughout the phase with progress
updates estimating the start time for the next phase.
The next phase of the lifecycle, production, has typically started preparation of the production
capabilities in parallel with the test and validation phase or most likely even earlier. The extent
of the preparation is dependent on how much risk was mitigated or avoided throughout the
lifecycle, with early testing and design choices based on component and design maturity,
complexity and other attributes of the product and process that either increase or decrease risk
during the test and validation phase.
In the model-based environment, the production team, through the product data management and
enterprise resource management system, has already accessed resource, design and test
information for review and production capability development, such as:
" Factory work processes, procedures and production flow.
" Component, assembly and product testing.
* Fabrication.
" Long lead material ordering.
" Product shipping package.
" Staffing.
Orders are placed in the material resource planning system from the sales function, which initiate
the production process to start producing product. As the product either individually, in batch or
production lots, progress through the production phase, the model-based environment is
continually receiving and sending data to the stakeholders throughout the enterprise on product
and process performance. This data is acted on to assure performance of the product and the
processes throughout the production phase remain within the statistical thresholds established at
the beginning of the lifecycle. This in effect becomes a self-calibrating closed-loop system
where in real-time, adjustments are made to the critical variables of the systems to ensure
optimal performance. This data not only allows for diagnostic behavior of the system but also
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prognostic in that data trends are established to enable predictions to occur for forward
performance.
As product is completed, it is readied for shipment. A parallel in the synthetic environment, the
designs or model are stored, in the production phase, it is called product or finished goods.
These products or finished goods are stored as well for the next phase called delivery. Albeit,
the product of finished goods might only be moved to a staging area, packed for shipment and
delivered. This staging area in a real-time delivery environment becomes the equivalent of the
product data management repository. In a batch or production lot environment, the staging area
truly is stored until the entire lot is completed, then packed for shipping and delivery.
The IPD lifecycle ends with the delivery of the product to its customers. As the product is
leaving the enterprise's shipping dock, the enterprise resource management systems are updated
automatically. The various models through the lifecycle, all contained in the product data
management repository, are updated with additional metadata. When this final update is
completed, this ends the product development lifecycle.
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9. CONCEPTUALIZING THE VALUE PROPOSITION
OF THE MODEL-BASED ENTERPRISE
The premise developed in this section is that a model-based environment operates more
efficiently and yields better product over the life the product will live in the market space. To
prove this, the value proposition will need to be established. This will be done conceptually
against the conceptual model-based enterprise established in the previous section.
After traveling through the lifecycle in its entirety, hopefully the reader has have developed an
understanding of the value that is gained by an enterprise by establishing the fully integrated
environment. A lot of time has been devoted in this thesis looking at the evolutionary steps to
mature the enterprise; taking each one of these steps would represent an investment. The model-
based enterprise has made a significant investment to mature to this state. As a result, the
enterprise will reap benefits, or returns in the form of improved efficiencies and effectiveness,
growth and reduced operational costs for each step it takes. In the end, the nature of the returns
can only be described as recurring or as I heard when I was in Texas once, "they'll just keep' on
coming".
In this section of the thesis, the goal is to reflect on the areas of transformation that will yield
returns and the type of returns expected. The returns themselves will not be quantified, as there
are many variables to be able to do so accurately. The hypothesis is that in the end, the model-
based enterprise is a lean one, and the lean enterprise is an optimally efficient one, therefore, the
model-based enterprise is optimally efficient. Let's revisit each phase of the IPD lifecycle that
has matured to a model-based environment level and consider the leaning that has taken place.
Identify Customer Needs Phase
This phase yields the least quantifiable but most benefit from the model-based environment.
Eliminating errors in beginning of the lifecycle will most definitely reduce unneeded cost and
eliminate late discovery of error or defect later in the lifecycle. Simply stated, it is critical to get
the customer needs right, if not it then becomes purely chance on whether the product you
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develop will satisfy their needs. Said differently, getting the customers needs wrong will
guarantee failure.
The benefit will come to this phase by increased speed and probability of learning by the
enterprise. This learning will take the form of:
" Better, more improved and robust methods to identify the customer's needs.
" Smarter more experienced human resources identifying the customer's needs by applying
these better, more improved and robust methods to identify the customer's needs.
This occurs because the revenue and profit results of a product development effort are captured and
traced to the product. The product was optimized and scored for compliance to the requirements.
The requirements are traceable to the customer needs, which are optimized and scored for
compliance to the identified customer needs. Therefore, the revenue and profit results are
traceable to the identified customer needs. Performing a market survey on your fielded product
after the product is delivered will enable you to triangulate on goodness of the needs identified
and captured. A root cause assessment can be performed and the process and methods can be
improved as a result.
Requirements Development Phase
The same could be said for this phase as was said for the identify customer needs phase. It will
yield the least quantifiable but most benefit from being model-based. This being the case, all the
value points made for the previous phase hold true in this phase as well.
The additional point on value gleaned here is the recognition that unlike the previous phase, this
phase has a predecessor (i.e. Identify Customer Needs). Therefore, there is an opportunity for
translating errors made from the needs to requirements. The probability of this defect occurring
will also be mitigated more rapidly in a shorter period than traditional product development
environments. Again, the benefit will come from the accelerating the attribution of defects from
downstream results, to a specific step in the process. This occurrence of learning from data
driven attribution in the model-based environment will be referred to accelerating the cycles of
learning.
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Concept Development Phase
In addition to the benefits of accelerating the cycles of learning, this phase uses a synthetic
environment in which a tool to develop concepts receives its data input from the predecessor
tool, the resulting cost and cycle time benefits come from eliminating the following:
" Data input.
" Data translation.
" Input defects.
" Translation defects.
These are not trivial when you consider the down stream effects on costs and cycle time for late
discovery of rework or worse yet, not discovering the defect at all.
Additionally, the model-based environment enables simulation and model reuse throughout the
lifecycle. In this phase, simulation is translated into performing compliance analysis on the
model by the tool rather than a person or teams performing it. This results in significant labor
and probability of error reductions, all of which have increasing second and third order savings
as the lifecycle progresses temporally.
Concept model reuse becomes significantly more plausible and economically viable in the
synthetic model-based environment. As the product data management repository fills up with
more and more concept models with each pass through the lifecycle, it becomes a virtual library
to reference. The key enabler to the viability of this concept is what was defined earlier in this
thesis as the attributional characterization that is enabled through the Metadata collected on a
model at the time of conception and each succeeding step in the lifecycle. This parametric
Metadata enables substantive mining to be able to take place at the time of need. Let's look at a
notional example of this in action.
Assuming you had a customer that identified a need "x", you can search on all events where the
"x"9 was used. Since the concept models are traceable through the requirements back to customer
needs, the Meta capability enables you retrieve the models related to "x". The same is true for
any given requirements, customer, concept developer, cost, profit, warranty or date to name a
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few. In fact, since the concepts models are captured and tagged at the various levels while being
developed, it becomes possible through the model-based environment to exercise "what if?"
scenarios. The system will continue to refine the search and provide components of various
concept models with various attributes and allow the tool to converge on an optimal model,
much like a rapid synthetic prototype.
Detail Design Phase
In addition to the benefits of accelerating the cycles of learning, this phase makes use of the
synthetic environment where CAD or similar type detail design tool for the specific discipline in
question receives its data (concept models and all characterizing attribute data) input from the
predecessor tool. The resulting cost and cycle time benefits come from eliminating the
following:
" Data input.
" Data translation.
" Input defects.
* Translation defects.
These are not trivial when you consider the down stream effects on costs and cycle time for late
discovery of rework or worse yet, not discovering the defect at all. It also should be noted that
although these are the same identified in the last phase, opportunity for defects or error increase
in magnitude significantly due to the complexity and shear amount of data that has to be
transferred. As a result, the saving increases equally in magnitude with the elimination of the
opportunity.
Additionally, the model-based environment enables simulation and model reuse throughout the
lifecycle. In this phase, simulation again is translated into performing compliance analysis on
the designs or model by the tool rather than a person and/or teams performing it. This results in
significant labor and probability of error reductions, all of which have increasing second and
third order savings as the lifecycle progresses temporally.
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Design or model reuse becomes significantly more plausible and economically viable in the
synthetic model-based environment in an increasing way in this phase. As the product data
management repository fills up with more and more designs or models with each pass through
the lifecycle, it becomes a virtual library to reference. A good way to envision this is to think of
the designer that is flipping through component catalogues looking for the right screw, washer,
resistor or microelectronic. This event too is now all accessible on the web, with increasingly
more powerful mining capabilities to converge on exactly the right answer in ever decreasing
amounts of time.
The key enabler to the viability of this concept is what was defined earlier in this thesis as the
attributional characterization that is enabled through the Metadata collected on a design or model
at the time of development and each succeeding step in the lifecycle. Again, this parametric
Metadata enables substantive mining to be able to take place at the time of need.
Prototyping Phase
In addition to the benefits of accelerating the cycles of learning, this phase has significantly
changed in the synthetic model-based environment. As described earlier in a previous section of
this thesis, the synthetic model-based environment eliminates the need to physically prototype
your product. This significantly reduces costs and cycle time savings which come from
eliminating;
" Data input.
" Data translation.
" Input defects.
" Translation defects.
" Specialized skills to perform physical prototyping.
* Capitalization for equipment and capability.
" Scrap and rework associated with physical production.
" Drawing production and delivery.
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* Production of multiple prototypes (typical that several disciplines need their own
prototype to complete their respect tasks).
These are just a few, but the benefits are significant to the enterprise for this phase and all the
succeeding phases of the lifecycle including: the Test and Validation Phase, the Production
Phase and even the Delivery Phase.
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10. DEFINING THE CONCEPT OF OPERATIONS (CONOPS)
FOR MAINTAINING AN IPD ENVIRONMENT
The final section of the thesis is devoted to the strategy necessary to develop and institutionalize
the IPD lifecycle in the enterprise. Specifically, how to apply a robust and proven concept of
operations to plan, execute and sustain the transformation to truly achieve institutionalization for
the enterprise. We also look at the enterprise architecture and how to adapt the strategy to the
enterprise architecture.
To develop a greater understanding of the risks and opportunities the enterprise will have in this
transformation; let's begin by applying the systems approach to the problem of
institutionalizing the IPD lifecycle in the enterprise.
" Market.
" Plan.
" Conceive and build.
" Design and develop.
" Test and validate.
" Produce.
" Operate and maintain.
The systems approach previously delineated is represented generically. It is important to apply
this generic representation specifically as defined earlier in this thesis as tailoring. As such, we
then tailor the systems approach to yield a definitive specific plan by listing the steps the
enterprise will take in the transformation:
1. Develop the business case for the enterprise.
2. Get enterprise leadership commitment.
3. Enterprise leadership communicates business case and commitment to the enterprise
4. Stand up cross-enterprise discipline teams for the enterprise
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5. Establish a cross-enterprise discipline leadership team to drive the development of the
following:
. Integrated master phasing plan.
. IPD lifecycle (IPDL) concept and architecture.
. Integrated master schedule.
. IPDL integrated development team.
6. Enterprise leadership communicates IPDL transformation progress and commitment
monthly to the enterprise
7. Develop the IPDL
8. Train enterprise on IPDL for three levels of employees
. General enterprise awareness
. Stakeholders
. Experts
9. Pilot and adjust first use of IPDL for fast moving low risk product in enterprise
10. Start enterprise-wide roll-out of IPDL 60 days after the start of the Pilot
The steps listed above should be intuitive at this point of the thesis and therefore will not be
presented in any more detail. Steps 2, 3, 4 and 5 are very important and have some subtleties
that warrant further explanation. Let's dispose of steps 2 and 3 first as they are the easier of the
two to explain.
Step 2-Getting Enterprise Leadership Commitment and Step 3-Enterprise Leadership
Communication
Transforming a culture is like transforming a rock, it takes time and pressure. In this thesis, it
has been emphasized that the evolutionary approach is essential to achieve institutionalization in
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the enterprise. Revolutionary cultural change, if it were to occur, more than likely wouldn't be
sustainable.
To highlight this point of evolutionary versus revolutionary change to a culture, let's take the
events surrounding September 1 1 th, 2001 as an example. The symbolism of patriotism and the
general sense of community have waned in the United States over the last 40 years. Forty years
ago, the pledge of allegiance to the United States flag in kindergarten through 12th grade schools,
the US flag in front of houses as you drive through neighborhoods on important national
holidays, these same neighborhoods filled with children playing all day long and stay at home
parents were common place all across the United States.
Today, we have the United States Supreme ruling it is un-Constitutional to require the pledge of
allegiance to the United States flag, a rarity to show outward sign of patriotism like the United
States flag in front of a home on any holiday and neighborhoods are replaced by daycare for
young children and parents who are home during the day, setting up "play dates" for children to
get together to play as many parents are afraid to let their young children out to play without
adult supervision even in their own neighborhoods.
Then, the events of Sept 1 1 th occurred and things changed in the United States. Communities
starting pulling together, the U.S. flags were everywhere, in front of homes, on cars, billboards
on roads, in offices, on clothing. Neighborhoods changed as well, people who never spoke
before started to talk and get together.
This revolutionary change occurred due to catastrophic events in the U.S. Pan forward only 24
months later, where are all those flags? The cultural transformation was not sustained, even after
a catastrophic event like that which occurred on September 1 1 th 2001.
Transforming or changing the culture is difficult and takes time, patience and commitment. It is
necessary to have commitment from the top down in the enterprise and to show constancy of
purpose. Those lower in the enterprise structure are working problems everyday and will not
see the value. They need to know this is not just the next "initiative of the month" and the
enterprise is serious about the change and hearing from the top leader repeatedly until the model-
based environment is achieved is essential for success.
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This transformation will also require the full resources of the enterprise both human capital and
monetary support. This will not happen unless it is embedded in the strategic plans of the
enterprise, and this will not happen without the commitment of the enterprise's top leader. This
said, it is important to have a solid business case, clear achievable plans and continuous
communication of barriers and success with the leadership of the enterprise.
Step 4-Cross-enterprise Discipline
Establishing cross-enterprise discipline teams for the enterprise is the next major challenge. This
is a challenge that is absolutely achievable and will provide the enterprise great leverage. The
notion of "cross-enterprise" is contextual and relative to the enterprise's architecture.
Understanding several aspects of the enterprise is important to apply the correct solution to the
challenge. To gain a deeper understanding of the enterprise, several questions need to be asked;
* How is the enterprise's organization structured?
* Do the functional leaders or the product-line/program/project own all the resources (i.e.,
people and money)?
" Are there multiple business units, businesses or divisions in the enterprise?
* Is the enterprise a holding company?
* Who is the enterprise's primary customer base (i.e. DoD, Commercial, Domestic,
International)
* Is the enterprise co-located in one complex or is it distributed (i.e. in the same state,
different states, different countries, some combination of all)?
These are some of the questions you would ask and use the responses to tailor the solution to the
cross-enterprise discipline teams. For the purpose of this thesis, we will assume the response so
that an example can be provided to help develop a deeper understanding to this concept called
cross-enterprise discipline teams. The example is as follows;
* The enterprise's organization is comprised of corporate level, providing the integration
on centralized functions like, legal, employee benefits, finance, governance, general
administration and there are 4 profit and loss (P&L) centers called businesses that contain
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all the distributed functions not contained in the corporate organization as well as
mirrored centralized functions contained in corporate (these functions take direction from
both corporate and the business leadership).
* The organization is matrixed; the functions own the people and the product-
line/program/project own the money. The functions apply the people that the product-
lines/programs/projects need to achieve progress.
* There are four businesses in the enterprise?
* The enterprise is not a holding company?
* The primary customer base is DoD, also with one business focused primarily on the
commercial customer, all businesses primarily domestically based with international
subsidiaries to interact with international customers.
* The enterprise is primarily domestically located in 10 states with at least two operations
in each state and then with 4 international locations all with single operations.
In the figure below, notional structure is represented to provide visual confirmation to the
enterprise described in the example above.
Figure 27-Notional Enterprise Structure
The concept of cross-enterprise discipline teams is one that creates horizontal slices through the
businesses to create collaboration leverage across distributed functions without needing to
centralize. These are done across all distributed function in this enterprise like supply chain,
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contracts, program/project management and quality to name a few. This is also done for
engineering with a specific twist, and that is that each engineering discipline such as systems,
software, and hardware are treated as unique functions equivalent to the other functions listed
previously. A representation of this horizontal slicing by the these cross-enterprise discipline
team is shown below in the figure
Program Management Team
Systems Engineering Team
Supply Chain Team
Quality Team
Figure 28-Notional Enterprise Structure with Cross-enterprise Teams Shown
These teams collaborate to drive commonality across the enterprise, where commonality makes
good business sense. Some of these areas are common processes and tools, technology, common
measures, communication and people. The primary purpose is to collaborate to bring value to
the represented business. Shown in the figure below is a notional representation of some sample
discipline teams in the context of the notional enterprise organization.
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Figure 29-Notional Enterprise Organization Structure with
Sample of Cross-enterprise Teams Shown
These teams would be comprised of the discipline leader from each business as well as the
discipline leader from corporate where this leader exists. The leader of the discipline team
would typically be the corporate discipline leader if this leader existed or would be nominated by
the team and rotated through the entire team at least every two years. Most typically every year
is recommended due to the extra effort leading this team requires above this leader's normal
duties of leading a function in their respective business.
The team operates on the principle that if it were to take four dollars to develop a solution unique
to the business, and their peers on the team need to create the same solution, than each business
would pay one dollar into a pool with their peers and create the solution once for four dollars that
everyone would share. This has multiple benefits to the participants;
* Participant pays one dollar for a $4 solution, leaving $3 to apply somewhere else in their
function, enabling the function to achieve faster.
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" The enterprise benefits, not only financially by, "getting more bang for the buck", but
also by creating the network for future resource and knowledge sharing (enabler to
accelerating the cycles of learning).
* The businesses converge by creating common language and methods, which helps the
businesses and enterprise mature more rapidly
* The discipline team creates a natural synergy point to establish the common processes
and tools to facilitate a single IPD lifecycle for the enterprise and ultimately enable the
model-based environment to evolve.
" These discipline leaders own the resources to develop common solutions that they will
value and institute in their business.
These teams can take responsibility for the development for their respective processes contained
in what will be the IPD lifecycle. These discipline processes will then be integrated into the
overall architecture of the enterprise lifecycle system. The discipline teams would interact in
facilitated sessions with the lifecycle system architects to resolve interactions and develop
standard interfaces and agree on successor, predecessor expectations for data and information
flow between the discipline's processes and tools.
This is how the IPD lifecycle is developed. This same concept of operations is how the lifecycle
is maintained and improved over time. These discipline teams remain a permanent element of
the enterprise architecture and are the process owners for their respective processes. The
abutting disciplines that interface with this discipline any where in the lifecycle become the
stakeholders. No changes can be made to the discipline process unless approved by the cross-
enterprise discipline process owner and collaboration with the stakeholders has taken place.
Step 5-Cross-enterprise Discipline Leadership Team
Now that the cross-enterprise discipline teams are in place, the cross-enterprise discipline
leadership team can be formed. This leadership team is comprised of the leaders of each cross-
enterprise discipline team respectively. A notional representation of the cross-enterprise
discipline leadership team is shown in the figure below.
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Figure 30-Notional Representation of the Cross-enterprise Discipline Leadership Team
The leader for this leadership team is nominated and approved by the members of the leadership
team and it too is a rotational position that typically changes every year to another nominated
member. This leadership team takes on a myriad of duties for the enterprise. Some of which
are;
" Maintaining the vitality of the cross-enterprise team structure
" Developing, maintaining and ensuring compliance with overall policies and guidance of
the cross-enterprise team structure
" Resolving disputes among the businesses where and if they occur related to the cross-
enterprise team structure
* Assuming total responsibility for the overall development, maintenance and improvement
of the IPD lifecycle for the enterprise.
This cross-enterprise team structure concept is a viable alternative to total centralized functions
in an enterprise. It is also the critical enabler to creating and institutionalizing a common IPD
lifecycle for the enterprise. Lastly, it will help keep focus on constancy of purpose in the
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enterprise's pursuit of the model-based environment. The model-based environment is an
endeavor that will pay great dividends in the enterprise's pursuit of being a totally lean
enterprise.
87 of 99
John J Gatti
MIT Masters Thesis
11. CONCLUSION
We started out with the hypothesis that all organizations or enterprises exist in various states of
maturity from very ineffective and grossly inefficient to highly effective and optimally efficient.
The notion of organization or enterprise maturity is insensitive to the type of industry, markets or
customer base and can exist in any form in the continuum between the previously stated bounds.
There are maturity frameworks that attempt to classify states of maturity. These states, as
defined in any given framework, are ultimately arbitrary groupings. As an example of such a
framework, consider those prescribed by Carnegie Mellon's Software Engineering Institute (SEI)
Capability Maturity Models (CMM) or more recently Capability Maturity Model Integration
(CMMI). These two frameworks establish maturity in five levels; Level 1 being the least mature
(hero mode) through Level 5 being the most mature (optimally performing).
There are many ways to assess maturity of an enterprise, as maturity is a relative condition.
Maturity of an enterprise is of course relative to itself when considering the temporal
perspective. For example, an enterprise is continually changing, either improving or degrading.
The enterprise, when compared to other enterprises that exist in their respective industry or
market, also offers a basis for assessing maturity and the relative nature of such an assessment.
For example, if an enterprise notionally has zero change from one year to the next (i.e., has
neither improved nor degraded), more than likely the enterprise has changed its position as the
other enterprises in their industry most likely have changed their maturity by either improving or
degrading. There is also an assumption that the state of relative maturity within the market or
industry can also be a different view into the rationale for dominance or lack there of. One way
that these states of relative maturity can establish rationale for dominance is understood when
you consider the common financial outcomes such as profitability and market share. The
assumption here is that the maturity of an enterprise is the basis for success in the marketplace.
This is an assumption given substantial time rather than in an instance of time.
The important distinction here is that maturity, although it contains a component of age (i.e.,
years since inception), age is not necessarily the variable that drives maturity from an
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effectiveness and efficiency perspective. To establish that direct linkage between age as
previously defined and maturity given the two aforementioned parameters, the enterprise would
need to establish a learning culture. It is this notion of a learning culture and the importance
placed on it that either drives enterprises to greatness or into despair.
The problem focused on in this thesis was the consideration of maturity in achieving greater
enterprise success, specifically, how to arrive at higher states of maturity. It furthers the relative
importance of driving a learning culture to achieve greatness as an enterprise. This thesis
established the foundation of the learning culture, through the notions of a common language and
methods. Then it builds on this foundation element by element to erect what some might call the
theoretical optimum, the model-based environment. We looked at this transformational journey
in generic ways, by offering examples of specific events and experience to substantiate the
position provided Ultimately, a strategy roadmap was formulated on the other critical elements
to round out the story: what, when, who and how an enterprise can transform from the very start
of maturity (immaturity) to the theoretical optimum of maturity, defined here as a model-based
environment.
This thesis is an original body of work that explores and develops many topics and concepts in
such a way that each of the pieces are looked at in slightly different ways and the sum of the
pieces itself for the architecture for the total enterprise architecture.
The structure of this thesis is a systems approach, one that builds knowledge incrementally,
starting by building the fundamental modules, integrating them and them proceeding to the next
higher level in the architecture. Many of the definitions developed in this thesis, are mutations of
those found in a standard dictionary. This was done to enable the reader to more generically
understand, and put in context, the concepts, principles and theories presented, regardless of
what organization, enterprise, business or industry they come from.
The product development lifecycle involves every aspect and function of the integrated supply
chain (customers, enterprise employees and assets, and suppliers).
Management's function is to oversee and guide the enterprise successfully and efficiently to
achieve its stated goals and objectives. These responsibilities mainly span the management of
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enterprise resources such as human resources, time, money, and other enterprise assets, from the
start of the lifecycle, through the completion. Management is also responsible for the
interactions of multiple occurrences of the lifecycle either in parallel or staggered.
Engineering has a wide variety of roles and responsibilities in any given enterprise and at any
given time in the enterprise's lifecycle. A generic look at some of the possible activities will
provide better insight. Generically, engineering will oversee, guide, manage and achieve all
technical requirements of the lifecycle. This could span concept development, systems
architecture, requirements, detailed design, test development, producibility, manufacturing,
product support, training, installation, disposal and other aspects requiring technical acumen.
The product development approach described in this thesis is very clearly a systems approach to
classical development. As such, many of the processes instantiated into the product development
lifecycle are technical or engineering processes. In the hierarchy of the enterprise process are
several integrating processes that span the entire lifecycle of the enterprise, one of which is the
management process. This entire thesis forms a management guide to transforming the
enterprise or organization from any state of maturity to the ultimate state of optimization, a
model-based environment. Therefore, this thesis is not only about management and the
associated processes, but holistically provides insights into the challenges of managing the
enterprise and how best to approach the management challenges anywhere in any part of the
maturity lifecycle of the organization.
Considering the aforementioned span of influence and control that engineering and management
have over the enterprise product development lifecycle and given the classical definition of the
product development lifecycle, it become clear these three entities (product development
lifecycle, engineering and management) are mutually dependent on each other.
Considering the problem stated above, specifically related to enterprise maturity and the
evolutionary nature that these enterprises move in time, this thesis focused on several proactive,
incremental steps that an enterprise can take to transform to the theoretical optimum, a model-
based environment. The maturity starting point of the lifecycle is a state of being that is a
traditional, non-integrated, non-lean interacting enterprise. This type of enterprise thrives on
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developing and delivering products to the enterprise's customers. At the other end of the
lifecycle, is a state of full maturity, previously characterized as the theoretical optimum. This is
an enterprise that is fully integrated (data, processes, management systems, knowledge based,
knowledge transfer, development automation, integrated supply chain, organizationally), and one
that is at the ultimate lean state, the model-based environment.
This thesis developed an evolutionary roadmap to transform the enterprise. By exploring ideas,
concepts and experiences and doing so in an orderly and systematic fashion, the reader will build
the foundation knowledge necessary for an enterprise to incrementally transform. This thesis
further reinforces the steps that will enable institutionalization or create the "Muscle memory" in
the enterprise to sustain the achievements and maintain the organizational inertia to continue to
the optimal state of leanness, established as the model-based environment. Finally, the business
case, in the form of feature and benefits, will be established for each step in the journey of
transformation, one that will enable the proper level of management support
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2003 Excellence in Enterprise Integration award winner. This work was part of an overall
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Thesis Statement & Primary Research Objectives:
To define how a culture or enterprise can be transformed and integrated through common
language and methods and required to form the foundation for a model based environment.
Engineering and Management Content:
" Exploring the foundations of product development
" Exploring the integrated enterprise
" Exploring managements role integrating the enterprise
" Driving the enterprise to higher-states of optimization through reuse in product
development
Research Methods & Approaches
" Research and use Raytheon Company's history since it's major merger and consolidation
that started back in 1997
" Interviewing key principles and stakeholders that led the transformation
" Research other institutions the succeeded and/or failed in attempting to achieve similar
objective as Raytheon
" Research other bodies of work from MIT that support or refute that which was
experienced at Raytheon
" Web sources
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Timeline:
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information on this thesis topic
" January 2004-Revised the thesis outline
" February thru May 2004-Write thesis draft
" May 2004-Thesis complete
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Date:
Date:
Date:
SDM Fellow:
Thesis Supervisor 1:.
Thesis Supervisor 2:
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Company Sponsor:
(if any)
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Thesis Outline
1. Executive Summary
Develop a high-level (Executive) summary of this thesis which provides a
complete overview (Approximately 4 pgs)
2. Thesis Overview
Develop a roadmap of how the ideas and concepts will be developed throughout
the course of this thesis I will state the objective of this thesis and the
conclusions that I will support by building and integrating knowledge from theory
and practical sources I have learned from my direct experiences at Raytheon
Company as well as those through my enrollment and participation in MIT's
Systems Design and Management Fellow's Program. (Approximately 5 pgs)
3. Definition and context of modeling and simulation
Establish definitions for concepts developed in this thesis to provide the reader
context in advance of reading this thesis. There will not be definitions provided
for concepts developed later, only those definitions needed to help formulate the
concepts developed later (Approximately 5 pgs)
4. The Concept of Product Development
Develop the concept of product development, which will form the basis in the
enterprise architecture known as a model based environment. Product
development will develop as the foundation in a hierarchy, architecture and
overall taxonomy called a model based environment. (Approximately 8 pgs)
5. The concept and application of Product Development Lifecycle
Continuing on the build-up of knowledge, I will take the concept of product
development and put it in the context of an enterprise and culture. I will develop
the concept further into a lifecycle structure and explore the various forms a
lifecycle can take and give specific examples of products, industries and
enterprises that implement the various lifecycles. (Approximately 10 pgs)
6. The concept of IPD (IPD) Lifecycle
Building on the previous section of product development lifecycles, I will now
introduce the concept of knowledge sharing, tools and automation. Taking these
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newly introduced concepts and overlay them in the context of the product
development lifecycle(s) and evolves the concept an IPD lifecycle. I will then
make the business case and value proposition on why this is a necessary
institution in the evolution of integrating the lean enterprise and a necessary
attribute of the integrated enterprise architecture. .(Approximately 10 pgs)
7. Defining the relationship of Modeling and Simulation and the IPD lifecycle
Maturing the concept of the evolving enterprise, modeling and simulation become
a natural advent and attributed of the integrated, lean enterprise. I will focus on
developing the concept of the integrated tool suite across the entire lifecycle. I
will introduce various levels of modeling and corresponding simulation
techniques. I will bring in the work of Dr. Nancy Leveson. This will be used to
establish techniques that can be implemented to further the value of modeling
and simulation to illicit reuse. This will be introduced as the early evolution of the
collaborative product development (CPD) or product lifecycle management
(PLM) environment. (Approximately 10 pgs)
8. Conceptualize the Model-based Enterprise
A basic definition will be established for a model-based environment. This then
will be built generically upon all the concepts introduced to this point in the thesis.
The goal of this section of the thesis is to help the reader understand the vision of
a generic enterprise that operates at optimal states of leanness. (Approximately
10 pgs)
9. Conceptualizing the value proposition of the Model-based Enterprise
The premise developed in this section is that a model-based environment
operates more efficiently and yield better product over the life their product will
live in the market space. To prove this the value proposition will need to be
established, this will be done conceptually against the conceptual model-based
enterprise established in the previous section. (Approximately 10 pgs)
10. Defining the Concept of Operations (ConOps) at Raytheon relative to IPD
I helped lead Raytheon through the evolution described throughout this thesis. I
will define the strategy and tactics used throughout Raytheon's journey. I will
discuss the strengths and weaknesses associated with Raytheon's experience. I
will identify the value to Raytheon before during and after. The concept of
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operation established in the section will be the actual operating model Raytheon
used to evolve to this point and continues to use today/ (Approximately 10 pgs)
11. Develop and define a Model-based ConOps at Raytheon Company
In the last section, I will have described Raytheon's journey over the last six
years bringing the reader to the current state at Raytheon. In this section I will
describe how the work to date has formed the foundation both from an
infrastructure standpoint as well as the culture transformation that occurred to
enable the final step in the evolution, a model-based environment which
Raytheon is currently engaged. I will project the state of operations Raytheon
will have implemented at the end of this phase of Raytheon's master phasing
plan. (Approximately 10 pgs)
12. Capture, develop and define a transformation plan
I will develop and establish the strategic roadmap for a transformation from
traditional methods of product development to a model-based environment. I will
then decompose the strategic roadmap to a specific and tactical plan for the
transformation described throughout this thesis. I will draw on my experiences in
leading Raytheon's efforts and infuse lessons learned and knowledge gained
through my involvement in MIT's System Design and Management Fellow's
Program. The goal of this section is to create the optimally lean transformation
plan. (Approximately 10 pgs)
13. Feature and benefits analysis of Model Based environment
I will create the high-level business case for implementing the plan described and defined
in the previous section. This will be based on the real data gleaned from Raytheon's
journey as well as data and suppositions gained over my experience in industry
consortium and relations gained during my leadership journey at Raytheon and those
while in MIT's SDM program. This will be an abstracted table of feature and benefits
that can be used in conjunction with the transformation plan defined in the previous
section of this thesis. In the end,, my desire is to create an artifact that readers can use to
create a business case to convince their leadership to embark on the same journey.
(Approximately 5 pgs)
14. Conclusion
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I will conclude this thesis by restating the objectives of this thesis and those described in
section two of this thesis call the "Thesis Overview". (Approximately 5 pgs)
15. Appendix
I will use this section to capture all the sources of information used throughout this thesis.
It will be further detail of abstraction I have used in previous sections as well as papers,
articles, sources, websites and the respective content referenced in this thesis.
(Approximately 10 pgs)
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